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Abstract—The output power of each photovoltaic (PV) module
is different in the single-phase cascaded H-bridge (CHB) PV grid-
connected inverter due to irradiance intensity, ambient tempera-
ture, and aging degree of PV modules. When the PV modules are
operating at their respective maximum power points, the corre-
sponding dc-side voltages of the H-bridge units drift due to uneven
power distribution, which will cause the maximum power point
tracking failure. As a result, the grid current will deteriorate and
even the system will become unstable. The power routing control
methods based on fundamental voltage reconstruction, third har-
monic injection and hybrid pulse width modulation can realize
unequal power distribution between H-bridges to ensure the sys-
tem stable operation. This article summarizes the abovementioned
typical power routing control methods, derives the expressions of
power routing ranges of different methods, then comprehensively
and deeply compares the power routing capabilities of various
methods qualitatively and quantitatively. The simulation results of
a single-phase seven-level CHB PV grid-connected inverter demon-
strate the validity of the theoretical analyses.

Index Terms—Cascaded H-bridge (CHB), photovoltaic (PV)
inverter, power routing methods, quantitative comparison.

I. INTRODUCTION

S THE continuous development and utilization of renew-
able energy, photovoltaic (PV) power generation technol-
ogy and equipment are becoming increasingly mature. Com-
pared with traditional two-level inverters, cascaded H-bridge
(CHB) PV inverters have the advantages of easy modular
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expansion, multilevel output voltage, low switching frequency,
high conversion efficiency, etc. [1]-[3]. More importantly, each
H-bridge power unitin the CHB inverter requires an independent
dc power supply, which is in line with the characteristics of PV
array power generation. Therefore, the CHB inverter has signif-
icant advantages in PV power generation applications [4]-[6].

In the single-phase CHB PV inverter, the output power of
each PV module is different due to factors such as light intensity,
ambient temperature, and aging degree of PV modules, resulting
in different ac output power of each H-bridge unit. When the
PV module is operating at its maximum power point, the corre-
sponding dc-side voltage of each H-bridge unit will drift due to
uneven power distribution. The voltage drift causes the output
voltage of the PV module to deviate from its maximum power
point voltage, which in turn causes maximum power point track-
ing (MPPT) failure. Eventually, the grid current performance of
the inverter deteriorates and even the system becomes unstable
(71, [8].

Aiming at the unequal power distribution problem of single-
phase CHB PV grid-connected inverters, Ko et al. [9], Liserre
etal. [10], Raveendran et al. [11], Buticchi et al. [12], Andresen
etal. [13], and Raveendran et al. [14], [15] proposed a concept of
power routing to solve the unstable problem because of different
power distribution in each H-bridge. Lots of literatures have
proposed a variety of power routing control methods as follows.
A power routing control method based on fundamental voltage
reconstruction is proposed in [16]-[26], which means that the
active component of the output voltage of each H-bridge unit
is distributed in proportion to its dc-side input power. In detail,
according to the way of reactive power distribution, they can
be divided into three categories, which are: the system reactive
power is distributed by each H-bridge unit in proportion to their
dc-side input power [16]-[20], the system reactive power is
undertaken by the specific H-bridge unit [21]-[23], and the sys-
tem reactive power is distributed by each H-bridge unit equally
[24]-[26]. However, although the abovementioned methods can
achieve unequal power distribution between H-bridge units,
their power routing ranges are small [27]. In order to further
expand the power routing range, Ko et al. [28] proposed a third
harmonic injection method. It makes the modulation degree of
some H-bridge units with large output power reach 1.155, which
improves the dc-side voltage utilization. Based on the [28],
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[29] and [30] proposed the optimized third harmonic injection
method, further extended the power routing range, and derived
the distribution method of the positive third harmonic voltage.
Similarly, discontinuous modulation makes the max modulation
degree of some H-bridge reach 1.22 when the number of total
H-bridge is three and output voltage of two H-bridges are
clamped at either the positive or negative dc-link voltage at some
time in a period [31]. Actually, the principle of discontinuous
pulse width modulation (PWM) is similar with third harmonic
injection, the difference between them is just injected waveform
[32]-[34] Therefore, the detailed analysis will not be discussed
below. The work in [35]-[40] proposed a hybrid pulse width
modulation (HPWM) strategy combining low frequency square
wave modulation and high frequency PWM. It can make some
H-bridge units with large output power nearly realize the square
wave modulation, thus, its modulation degree can reach 1.27.
Therefore, the single-phase CHB PV grid-connected inverter can
operate stably under a wider range of power routing conditions.

It mainly focuses on the improvement of the power routing
control methods of the single-phase CHB PV grid-connected
inverter in the existing researches, and there are few com-
parative analyses involving multiple power routing control
methods. Moreover, the existing methods are only qualitative
analyses and lack of scientific quantification means for the
power routing range of single-phase CHB PV grid-connected
inverter.

This article first introduces several typical power routing
control methods of single-phase CHB PV grid-connected in-
verter based on fundamental voltage reconstruction, third har-
monic injection, and HPWM. Second, the expressions of power
routing ranges of different methods are derived. Finally, the
power routing space (PRS) and power routing factor (PRF)
proposed in [41] are adopted to qualitatively and quanti-
tatively compare the power routing capabilities of various
methods.

The rest of this article is organized as follows. Section II
introduces three typical power routing control methods of single-
phase CHB PV grid-connected inverter based on fundamental
voltage reconstruction, derives the expressions of power routing
ranges, and compares the power routing capabilities of three
methods quantitatively. Sections III and IV introduce power
routing control methods based on third harmonic injection and
HPWM, respectively, and compare their power routing capabil-
ities in detail. In Sections V, simulation results are presented to
verify the validity of the theoretical analyses. Finally, Section
VI concludes this article.

II. POWER ROUTING CONTROL METHOD BASED ON
FUNDAMENTAL VOLTAGE RECONSTRUCTION

The block diagram of a single-phase CHB PV grid-connected
inverter is depicted in Fig. 1. It consists of n H-bridge units and
each H-bridge unit is connected to a PV module on the dc-side.
Due to factors such as different light intensity, temperature, or
different aging degree of PV modules, the output power of some
PV modules is relatively large, while others are relatively small.
When the PV module is operating at its maximum power point,
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Fig. 1. Block diagram of single-phase CHB PV grid-connected inverter.

the corresponding dc-side voltage of each H-bridge unit will
drift due to uneven power distribution.

The fundamental voltage reconstruction can be used to mit-
igate the problem of power imbalance, which means that the
active component of the output voltage of each H-bridge unit
is distributed in proportion to its dc-side input power. This
control method can be divided into three types according to the
reactive power allocation of the H-bridge unit, which are: system
reactive power distributed by each H-bridge unit according
to input power; system reactive power undertaken by specific
H-bridge unit; system reactive power shared by each H-bridge
unit equally.

A. System Reactive Power Distributed by Each H-Bridge Unit
According to Its Input Power

Alonso et al. [16] and Negroni et al. [17] proposed a power
routing control method suitable for single-phase CHB PV grid-
connected inverters, and its control block diagram is shown in
Fig. 2. The entire control system includes three parts: dc-side
voltage control, grid-side current control, and total modulation
wave distribution. First, the dc-side output current reference
value I4.;(i=1,2,...,n) of the H-bridge unit is obtained through
the dc-side voltage control. Then, the H-bridge unit output
power P; and the total inverter output power P are calculated,
and the entire inverter output voltage Vi can be obtained by
performing the closed-loop control on the P 7. Finally, the carrier
phase shift-sinusoidal pulsewidth modulation (CPS-SPWM) is
used to obtain the switching signals of each H-bridge unit.

Based on the abovementioned control methods, Kouro
et al. [18], Chavarria et al. [19], and Huang et al. [20] changed
the dc-side voltage control and grid-side current control. Its
control block diagram is depicted in Fig. 3. There are two
voltage control loops in the control method. A total voltage
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Fig. 2. Power routing control block diagram I based on fundamental voltage
reconstruction.

loop ensures the overall dc-side voltage stability of the system
through PI controller, and the voltage loops of the n H-bridge
units are used to adjust each dc-side voltage. The method of
this adjustment is realized by feed-forward compensation for
the modulation wave of each H-bridge unit in the modulation
process. As can be seen from Fig. 3, there are two forms
of feed-forward compensation. One is to adjust the per unit
dc-side voltage deviation (Vpvy/Vpy;“)-1), and the other is to
directly adjust the dc-side voltage deviation (Vpy ;~Vpv;*). The
two methods shown in Figs. 2 and 3 are essentially the same,
they are both gained by multiplying the distribution coefficient
obtained by the dc-side voltage change of each H-bridge unit
with the total output voltage modulation wave of the inverter.
These two methods directly modify the modulation ratio of the
corresponding H-bridge unit in order to make each PV module
operates at its maximum power point.

Fig. 4 shows a vector diagram of a three-unit CHB PV grid-
connected inverter when this type of control method is used.
Orienting the grid voltage vector V as the d-axis, the direction
perpendicular to the d-axis is recorded as the g-axis, and I is
the grid current vector; V; is the fundamental voltage vector of
the ith H-bridge unit; V7, is the filtered inductor voltage vector;
V. is the vector of fundamental voltage output by inverter; V;q
and V;q are the sum of the active voltage vectors and reactive
voltage vectors of V; on the d-axis and g-axis, respectively.

From Fig. 4, (1) could be obtained

V= Vgt jwLdy = Vi + Vs + Vs
Vi=Via+Vig=(di +jq1) Vpv1
Va2 =Vaq+ Vaq = (d2+ jq2) Vpvo
V3 =Vsq + Vzq = (ds +jg3) Vpvs
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Fig. 3. Power routing control block diagram II based on fundamental voltage
reconstruction.
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Fig. 4. Phasor diagram of the first type power routing control method.

where d; and g, are the active component and reactive component
of the duty cycle of each H-bridge unit, respectively.

Since the light intensity has little effect on the voltage at the
maximum power point, in order to simplify the analysis, it is
assumed here that the dc-side voltage of each H-bridge unit is
approximately equal, and recorded as V.. Then, (1) could be
rewritten as

di +dy + dy = Y2 5
_ V2wL,I, 2
Qtgeta=—~,_"

Ignoring the inverter loss, the total output power P7 of PV
modules is equal to the ac output power of the inverter, and
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the root-mean-square value of the grid current /, can be
expressed as

P _PitPt P

I -
Y Vg

3)

The active power output by each H-bridge unit is equal to the
power output by its PV module, i.e.,

p, = GiVacly 4)
V2

From (3) and (4), the active component of the duty cycle of
each H-bridge unit can be obtained as

PV,
di =V2 t9
V2V

It can be seen from the vector diagram that the reactive power
of the system is distributed in proportion to the input power of
each H-bridge unit, i.e.,

Qi _ _aVac _ B
Qr 2wL,J, Pr

From (6), the reactive component of duty cycle of each H-
bridge unit can be obtained as

_ \/§WLSPi
qi= VacV, .

®)

(6)

(7

To avoid overmodulation when the system operates stably, it

needs to meet
1/dl2+qi2§1. ®)

Substituting (7) into (8), it can be derived as

2
V2wLsP;
di < J1—q2=,|1— [ L==0
r = qz (Vdc% (9)

Combining (5) and (9), it could be derived as

. (ﬂma)%

P;
o (10)
Pr VacVy

B. System Reactive Power Undertaken by

Specific H-Bridge Unit

Dell’ Aquila et al. [21], Villanueva et al. [22], and Liu et al.
[23] proposed a new power routing control method, and its con-
trol block diagram is shown in Fig. 5. The entire control system
includes n+1 control loops, where n dc-side voltage loops are
responsible for maintaining the stability of the dc-side voltage
of each H-bridge unit, and the current loop is responsible for
achieving unit power factor operation. The characteristic of this
type of control method is that the reactive power of the system
is all provided by the first H-bridge unit, and the remaining
H-bridge units only output active power. In essence, this method
controls the amplitude and phase of the modulation voltage
of the first H-bridge unit, then the phases of the modulation
voltage of the remaining n-1 H-bridge units are consistent with
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Fig.5. Power routing control block diagram III based on fundamental voltage
reconstruction.

r 3
a Vs Vi v,
k > i\
rd
e
td
rd
s
//
qu ,’/’
|4 g
’/
g Vi
s
rd
e
rd
e
e
td
e
td
~— B P P >
Ig Vld VZ(I I/f‘kl Vg d

Fig. 6. Phasor diagram of the second type power routing control method.

the grid voltage, at the same time only corresponding amplitude
is changed to achieve its MPPT.

Fig. 6 shows a vector diagram of a three-unit CHB PV grid-
connected inverter controlled by this type of control method. The
duty cycle active component of each H-bridge unit is the same
as the first type of power routing control method, so no more
detail description here. The duty cycle reactive component of
each H-bridge unit can be calculated as

V2w
"= T Ve (11)
g2 =q3 = 0.

To avoid overmodulation when the system operates stably, it
needs to meet

2
di <\1-¢f = 1*(%)

d; < 1i=2,3...n.

12)
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Fig.7. Power routing control block diagram IV based on fundamental voltage
reconstruction.

Substituting (5) into (12), it could be obtained as

P NVae [ \/Z*’Lsfg>2

Pr = 2y, Vae (13)
b Vae ;_

e < ﬂ‘*vgz— 2,3...n.

C. System Reactive Power Shared by Each
H-Bridge Unit Equally

Zhao et al. [24] and Wang et al. [26] proposed a power routing
control method based on the active component modification of
duty cycle. The control block diagram of this method is depicted
in Fig. 7. The entire control system includes three parts: total dc-
side voltage control, grid-side current control, and power routing
control. The principle of power routing control is: the modified
duty cycle signal Ad; is gained by multiplying the grid voltage
synchronization factor with the value obtained by the per unit
dc-side deviation of each H-bridge unit after PI controller. And
then the modified duty cycle Ad; is superimposed on the total
duty cycle signal d 7 output by the grid current loop to form the
final duty cycle signal of each H-bridge unit for CPS-SPWM.
The characteristic of this type of control method is that each
H-bridge unit shares the reactive power of the system equally.

Fig. 8 shows a vector diagram of a three-unit CHB PV grid-
connected inverter when this type of control method is used. The
active component of the duty cycle of each H-bridge unit is the
same as the first type of power routing control method. The duty
cycle reactive component of each H-bridge unit is

_ \/ZULSI!J

14
Ve (14

qi
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Fig. 8. Phasor diagram of the third type power routing control method.

To avoid overmodulation when the system operates stably, it
needs to meet

2
V2ouwL, P,
di <A\J1—qg?2=,|1- Ruiadat A I 15
<y/1-g; (nvdcvg (15)

Substituting (5) into (15), it could be derived as

. <¢§wLSPT>2

i< Vdc
Pr = 2V,

16
anC Vg ( )

In order to make the analysis more general, the power imbal-
ance coefficient 1,(i = 1,2, ..., n) of the H-bridge unit is defined
as

A = 17
Py a7
where P is the rated output power of the system.
Define the per unit value of filter inductor L* as
2n fLs Py
p=Lls ) vp Ao N 18
/ TP V2 (%)
Define the voltage overrating £ as
Ve
¢ [17de 1 (19)

:\/ivg 1+ (L)

Substituting (17)—(19) into (10), the constraint of the first
type of power routing control method could be derived as

A <(1+£) 1+ (L%)? A L*

14 (L)
(20)
Substituting (17)—(19) into (13), the constraints of the second

type of power routing control method could be obtained as

(1+¢)

2
3\1 < (14+8€)v/ 1+(L)° 1 ( L3 M )
2iimahi " (1+6)V/1+(L")? @21)
Z’-kal -~ < (1+£)\/711+(L*)2i: 2.3.. .m.

Similarly, substituting (17)—(19) into (16), the constraint of
the third type of power routing control method could be derived
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Fig. 9. Routing range of three kinds of power routing control methods with L* = 5% and £ = 10%.
as the PRF
1,1 1
A (1+&) /14 (L) PRF:/ / / F (A, hay. . Ap)dirdrs ... dAy,
< o Jo 0
Doy M n (24)
5 where
L* Ai
< 1- Dizt 22 F (ko An)
2
n(l4+&)/1+ (L)
)1, max{ver, v, Ve (A, A2y An) < Ve
In order to compare the power routing capabilities of various 0, max{vr1,vr2,. ., Vrn} (A1, A2, hn) > Ve
power routing control methods more intuitively, the qualitative (25)

and quantitative analyses are given in this article. The qualitative
index is PRS, that is, multidimensional space graph is utilized to
describe the power routing range. The quantitative index is PRF,
which directly reflects the percentage of viable cases that can be
rebalanced among all possible power imbalance cases. Taking
n-unit CHB PV grid-connected inverter as an example, an n-
dimensional space with the form of 1x1 ...x1 can be established
by the power imbalance coefficient (A1, A2, ..., A,) of each
H-bridge unit. Each power imbalance case can be represented
by a unique operation point (A1, A5/, ..., A,,)”) in the space. If the
maximum output voltage of each H-bridge unit is lower than its
available dc-side voltage
max {Up1, Up2, -« oy Upn b (A1, A2y ooy An) < Ve (23)
Then, the grid current with low harmonic distortion can be
generated without overmodulation of H-bridge unit and this
operation point can be rebalanced using a given method. All
operation points that can be rebalanced form an n-dimensional
space, defined as the PRS. The volume of the PRS is defined as

It can be seen from (20)—(22) that the power routing ranges
of these three methods are related to the per unit filter inductor
L*, the number of H-bridge unit n and the voltage overrating &.
It is difficult to draw its power routing range when the number
of H-bridge units is larger than three. Therefore, only the power
routing range of the three-unit CHB PV grid-connected inverter
is given here. Fig. 9 shows the PRSs of three types of power
routing control methods and their PRFs when L* = 5% and ¢
= 10%. It can be seen from the figure that the PRSs of the
three types of methods are only slightly different, and their PRFs
are 3.74%, 3.67%, and 3.75%, respectively. Under the same
conditions, the third type of control method has the largest power
routing capability, followed by the first type of control method,
and finally the second type of control method.

Figs. 10 and 11 show the relationship between the PRFs of
three types of power routing control methods and the per unit
value of filter inductor L* and the voltage overrating £. As can
be seen from Fig. 10, as the parameter L* becomes larger, the
PRFs of the first and third methods gradually increases, while
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Fig. 11.  PREF of three kinds of power routing control methods under L* = 5%
and different £ parameters.

the PRF of the second method gradually decreases. But on the
whole, PRFs of the three methods have little change. Therefore,
the value of the filter inductor has little effect on the PRS. In
Fig. 11, as the parameter £ becomes larger, the PRFs of all three
methods increase significantly. The three curves are basically
consistent, because the difference between PRFs of the three
methods is very small. The larger the parameter £, the larger the
corresponding dc-side voltage, and the less likely the system is
to saturate.

III. POWER ROUTING CONTROL METHOD BY THIRD
HARMONIC INJECTION

According to the analysis in the previous section, although
the power routing control method based on fundamental voltage
reconstruction can realize unequal power distribution between
H-bridges, its power routing range is small. On this basis, Ko et
al. [28] proposed a method of third harmonic injection, so that
the modulation degree of some H-bridge units with high output
power reached 1.155, which improved the utilization rate of the
dc-side voltage, thereby expanding the power routing range of
CHB grid-connected inverters. As shown in Fig. 12, a three-unit
CHB PV grid-connected inverter is taken as an example. The
principle of this control method is to inject the negative third
harmonic of 1/6 times the amplitude into the two overmodulated
H-bridge units to avoid overmodulation, and to inject the positive
third harmonic into the normal H-bridge unit. Therefore, how to
allocate the positive third harmonic is a key issue, but it is not

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

mentioned in the literature [28]. Based on [28]—[30] further pro-
posed an optimized third harmonic injection method. On the one
hand, it is pointed out that although the negative third harmonic
with a fixed injection of 1/6 times the amplitude can improve the
dc-side voltage utilization of the overmodulated unit to 1.155,
it may cause the risk of overmodulation of the normal unit; On
the other hand, a specific positive third harmonic distribution
scheme is proposed. In order to describe the difference between
the two methods more clearly, the modulation voltage v, after
the third harmonic injection is defined as
vy = my cos (wt) + mymg cos (3wt) (26)

where m; is the modulation degree of the fundamental modula-
tion voltage, mj is the third harmonic compensation coefficient,
and wt is the phase angle of the fundamental modulation voltage.

Assuming m; is 1, the relationship between wt, mg, and v is
shown in Fig. 13(a), and its y-z view is shown in Fig. 13(b). As
the figure depicted that the maximum value of the modulation
voltage v, decreases first and then increases with the increase
of mz. When mg = —1/6, its value reaches the minimum. When
mz = —1/6, max (v,”*) = 0.866, which makes the linear mod-
ulation range of the modulation voltage up to about 1.155. It
can be further seen from Fig. 13(b) that when —0.408 < mg
< 0, no overmodulation occurs, i.e., the shaded area in the
figure. That is to say, in this case, the negative third harmonic
with a maximum amplitude of 0.408 times can be injected, the
negative third harmonic with a magnitude of 1/6 times can also
be injected and of course neither the negative third harmonic
has to be injected. However, the total third harmonic voltage
in a single-phase system needs to be zero. Therefore, a certain
amplitude of negative third harmonic is injected into the system,
correspondingly, the same amplitude of positive third harmonic
needs to be injected. As can also be seen from the figure that
the larger the amplitude of the positive third harmonic injected,
the larger the amplitude of the modulation voltage, and the
greater the risk of overmodulation. Zhao et al. [29] proposed
to compensate the modulation amplitude of the H-bridge unit to
1, so as to inject the least amount of negative third harmonic into
the system. The normal unit reduces the risk of overmodulation
by injecting a minimum amount of positive third harmonics.

Fig. 14 shows the relationship between the third harmonic
compensation coefficient ms of the overmodulation unit and the
fundamental modulation degree m;, when two kinds of third
harmonic injection methods are utilized. It is clear that the
two methods are different, one is to always maintain the third
harmonic compensation coefficient mg = —1/6, i.e., the nega-
tive third harmonic is injected with the maximum amplitude;
The other is to gradually increase the negative third harmonic
injection as the fundamental modulation degree m; increases.

The traditional third harmonic injection method is used as an
example to derive the power routing range. The amplitude V,
of the fundamental component of the ac output voltage of the
inverter can be expressed as

2
v, = «5\/ (Vy)? + (stffT) . 27)
g
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Substituting (17) and (18) into (27), it could be obtained as
B 1<~ . 2rfLPx\’
v, = \/§Vg\/1 w ()

1 n 2
- \/ivg\/u (ﬁ Zizl)\iL ) .

The phase ¢ of the fundamental component of the ac output
voltage of the inverter could be expressed as

27Tfl;5% Z:Z:lxﬁlzv
vy

(28)

(p = arctan <

1 n
= arct -y ML)
arctan (n ; )

The fundamental component v,. of the ac output voltage of the
inverter could be obtained as

1 n 2
v, = \/§vg\/1 + <E Zizl’\iL )
1<, .,
cos (wt + arctan (— ZML )) . 30)
i

Before the third harmonic is injected, the fundamental com-
ponent v,; of the ac output voltage of each H-bridge unit could
be expressed as

(29)

A 1 n 2
= — 2‘/ 1 - Ailﬁ
ST \/ - (nZH )

1 n
cos (wt + arctan (— g XiL*>> .
n
i=1

(3D
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Then, the modulation degree m; of the fundamental wave of
each H-bridge unit could be derived as

Ai j— A
m; = m\/ivg\/l + (n Zi:l AL ) /Vae. (32)

Substituting (19) into (29), it could be obtained as
n 2

nhi \/1 + (5 i ML)

(1+&) 1+ (L) 0 b

Assuming that/ (1 </ < n) H-bridge units are overmodulated.
When the traditional third harmonic injection is used, the ac
output voltage of each H-bridge unit is

(33)

m; =

UNTE = %\@Vg\/l + (230, AiL*)z
cos (wt + arctan (L S0 A, L*))
—%mk\/dc cos (3wt + 3arctan (% Sy kiL*))
i=1,2,. .. nk=1,2,...,1
vpPT) = g;iﬁ\/ﬁ‘/g\/l + (3 ML)
cos (wt + arctan (% hr kiL*)) + éWj 22:1 mi Ve
cos (3wt 4 3arctan (£ 37 | A;L*))
1=1,2,....n,j=l4+11+2,...,n

(34)
where vNTy; 1S the ac output voltage of the overmodulated unit,
and vp; is the ac output voltage of the normal unit, W is the
distribution coefficient of the positive third harmonic, and its
expression is

1-— m;

W< = ) _=
! Zj:l-H (1 —my)

n n 2
(148) \/1+(L*)? 2 x,-—nxj\/1+ (i 3 kiL*>

i=1

> ((1+§) (LY xi—anu(;iw))

=41

Substituting (33) into (34), vy could be obtained as

Ak 1 n . 2
e - zxﬂw ()
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1 n
t t — A L*
coSs (w -+ arctan (”Z_Zl ))
V2 MV, 1 2
— — " 4/1 - A L*
6 Dy A - (n Zi:l )
cos | 3wt + 3arctan l i ALY
nia '

i=1,2,...,nk=1,2,...,1.

(36)

Substituting (33) and (35) into (34), vp, could be obtained
as

)‘-j 1 n " 2
vpT; = ZTLA_\/ng\/l + <n Zi:l AL )

i=17Mi

1 n
CcOos <w -+ arctan (n; ))
V2 Vg : 1 n ?
v A 1 — M L*
1 n
cos | 3wt 4+ 3arctan (n Z;AiL*>>

i=1,2,..

k=120 L j=l4+1042, ... n.

(37)

To avoid overmodulation when the system operates stably, it
needs to meet

{'UNTk S Vdc,k: 1,2,...,[

. (38)
vpT; < Ve, j=l14+1,142, ... n.

Substituting (19) into (38), it could be derived as
max (vnTs) < V2(1+)VI+(L4)? XH(L*)ZVQ

k=1,2,...,1

) < \/5(1+£)\n/1+(L*)2V

= g
J=I41,042, ... n.

(39)
max (’Uij

Substituting (36) and (37) into (39), the expression of power
routing range could be obtained, as shown in (40) at the bottom
of this page.

max A

i=1,2,....nk=1,2,...

A 1\ £\ 2 1w *
ﬁ\/l + (; Yoy AL ) cos <wt + arctan <n z; AL >>
1
—ﬁ\/l + (i, )»Z-L*)2 cos (3wt + 3arctan
E?:jl = \/1 + (% Sy kiL*)Q cos (wt + arctan (i Z kiL*>

l n
W; 1 n % 2 1 *
e k§1 Ak\/l + (£ 30 AL*)” cos <3wt + 3arctan ( 5 > AL >)
L g=l4+1042,000n

(1502))

(1+&)y/1+ (L)
<

(40)
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Fig. 15. Power routing range of power routing control methods based on third harmonic injection with L* = 5% and £ = 10%.
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Fig. 16.  Principle of HMSCZS.

The derivation of the power routing range of the optimized
third harmonic injection method is the same as abovementioned,
which will not be discussed here. Similarly, only the power
routing range of the three-unit CHB PV grid-connected inverter
is given here. Fig. 15 depicts the PRSs and PRFs of the two
methods based on the third harmonic injection power routing
control method when L* = 5% and £ = 10%. As could be
seen, compared with the method based on fundamental voltage
reconstruction, the traditional third harmonic injection method
significantly expands the PRS, and its PRF is 19.98%. The PRS
based on the optimized third harmonic injection method is the
largest, and its PRF is 20.37%. The effects of the parameters L*
and £ on the system power routing range are consistent with the
analysis in Section A, no more details here.

IV. POWER ROUTING CONTROL METHOD BASED
ON HPWM MODULATION

In order to further expand the power routing range of CHB PV
inverters, literature [35]-[40] proposed an HPWM modulation

strategy combining low-frequency square-wave modulation and
high-frequency PWM. The low-frequency square-wave mod-
ulation is used to realize the dc-side voltage balance of each
H-bridge unit, and the high-frequency PWM improves the grid
current quality. Because the maximum modulation degree of
square wave is 4/m, the modulation can effectively expand the
power routing range of the system. HPWM can be divided into
two types according to its switching mode allocation rules:
hybrid modulation strategy containing zero state (HMSCZS)
and hybrid modulation strategy without zero state. Because
the principle of the two methods is similar, this article takes
HMSCZS as an example to analyze.
As shown in Fig. 16, the main steps of HMSCZS are as
follows.
1) Calculating the error between the actual value of dc-side
voltage Vpvy (i = 1,2,3 ...n) and its reference value Vpy ;*
(i=1,2,3...n) of each H-bridge unit

AVpvi=Vpv; — Vpy;- (41)
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Fig. 17.

2)

3)

4)

Definition of kth voltage region.

Sorting the dc-side voltage error AVpy,;(i = 1,2,3...n)
of each H-bridge unit in ascending order according to
a certain frequency and mapping for the actual dc-side
voltages derived from sorted vector of voltage errors
([V1,Va,...,ViD.

The voltage region k of the total modulation wave voltage
v, is judged, according to formula (42), as shownin Fig. 17

k—1 k
S oVi<o <> Vi
=1 =1

The switching modes of the n H-bridge units are deter-
mined according to the polarity of the total modulation
wave voltage v,., the direction of the grid current ¢, and the
voltage region k where v, is located. For the convenience
of description, the states “+17, “~17, “0” and PWM repre-
sent that the output voltages of H-bridge unit are +Vpy;,
—Vpyi, 0 ,and PWM, respectively. The assignment rules
of specific switching modes of each H-bridge unit are as
following.

a) If v, >0,i, > 0: After sorting the dc-side voltages, the
H-bridge units whose actual values of V; are V,,_j1 o,
Vo, k+3...Vy, operate in the “+1” state, i.e., the dis-
charge mode; the units whose actual values of V; are
V1, Vs...V, i, operate in the “0” state; the unit whose
actual value of V; is V,,_;41, operates in the PWM
mode.

If v, > 0, iy < 0: After sorting the dc-side voltages,
the H-bridge units whose actual values of V; are Vy,
V,...Vi_1, operate in the “417, state, i.e., the dis-
charge mode; the units whose actual values of V; are
Vit1, Viya ...V, operate in the “0” state; the unit
whose actual value of V; is Vy, operates in the PWM
mode.

If v, <0, i, > 0: After sorting the dc-side voltages,
the H-bridge units whose actual values of V; are Vy,
Vs ...Vj_1, operate in the “~1" state, i.e., the discharge
mode; the units whose actual value of V; are V1,
Viio ...V, operate in the “0” state; the unit whose
actual value of V is Vy, operates in the PWM mode.
If v, <0, i, <0: After sorting the dc-side voltages, the
H-bridge units whose actual values of V; are V,,_; o,
Vi, k+3...Vy,, operate in the “—1” state, i.e., the dis-
charge mode; the units whose actual value of V; are
V. V3 ...V,_4, operate in the “0” state; the unit whose

(42)

b)

)

d)
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Fig. 18.  Routing range of power routing control methods based on HPWM
with L* = 5% and £ = 10%.

actual value of V;is V,,_j41, operates in the PWM
mode.

The following uses the HMSCZS method as an example to
derive its power routing range. From (30), it can be known that
the fundamental component v,. of the ac output voltage of the
inverter could be expressed as

1 n 2
v, = \/§Vg\/1 + (E Do ML >

1 n
coS <wt + arctan (— Z )\iL*>> ) (43)
nia

The fundamental component v,; of the ac-side output voltage
of each H-bridge unit could be obtained as

P

Pl Zl v \/_V\/ <1Zj_1)‘iL*)2

Upq =

P

1 n
t t — rL* .
coSs (w -+ arctan (n; >>

In order to avoid overmodulation during the stable operation
of the system, itis necessary to meet the following requirements:

(44)

(45)

v <nVyce
(¥ S %Vdcai: ]_,2,...,71

Substituting (43) and (44) into (45), it could be obtained as

VAV 1+ (4 50

LA Lr)?
cos (wt + arctan ( LS kiL*)) < nVae

)\ fV n z 1)\,1‘L*)2 (46)
cos (wt—l—arctan (n Sory ML*)) < %Vdc
1=1,2,....n
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Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current and modulation waveform of each

H-bridge unit under operation Case I with: (a) fundamental voltage reconstruction method; (b) third harmonic injection method.

Substituting (19) into (46), the expression of power routing
range of the HMSCZS method could be obtained as shown in
(47), at the bottom of the next page.

Similar to the first two methods, only the power routing range
of the three-unit CHB PV grid-connected inverter is given here.
For comparison, the power routing range based on the optimized
third harmonic injection method is given here again. When L* =

5% and £ = 10%, the PRS and PRF based on the HPWM power
routing method is shown in Fig. 18. As depicted in the figure,
compared with the method based on optimized third harmonic
injection, the method based on HPWM significantly expands
the PRS, and its PRF is as high as 36.77%. The relationship
between the PRF based on the HPWM and L*, £ is the same as
the conclusion in the previous section and will not be repeated
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voltage of each H-bridge unit under operation Case I with HPWM strategy.

TABLE I
PV MODULE PARAMETERS

Symbol Parameter Value
P Peak power of PV module 255W
Ve Open circuit voltage of PV module 37.61V
Vinp Max power voltage of PV module 30.59Vv
T Short circuit current of PV module 8.90A
Linp Max power current of PV module 8.34A

here. The dc-side voltage utilization efficiency of each H-bridge
unit can be effectively improved by adopting HPWM, thereby
further expanding the power routing range of the system.

V. SIMULATION RESULTS

To verify the validity of the abovementioned theoretical
analyses, a single-phase seven-level CHB inverter is simulated
in MATLAB/Simulink. The PV module under investigation is
JAP6-60-255/4BB, with the specifications and equivalent circuit
parameters mentioned in Table I. Inverter and grid parameters
are given in Table II. For the sake of simplicity, the performance
of the first power routing control method based on fundamental
voltage reconstruction, the traditional third harmonic injection
method, and HPWM strategy are compared in simulations.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021
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Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current and ratio of output voltage to dc-side

TABLE II
GRID AND INVERTER PARAMETERS

Symbol Parameter Value
C; DC-side capacitance 28.2mF
L Filter inductance 2mH
Ve Grid voltage peak value 80V
Sarid Grid voltage frequency 50Hz
e PWM frequency 2500Hz

A. Casel(h;=0.61,7y=0.617s=0.7)

In the simulation, the ambient temperature is set to 25 °C,
and the irradiance in initial of the PV module corresponding
to each H-bridge unit is set to 600, 600, and 600 W/m2, re-
spectively. At t = 1.4 s, the irradiance of the third PV module
is changed from 600 W/m? to 700 W/m? and the irradiance
of others still remain unchanged. In this case, the fundamental
modulation degree of each H-bridge unit is 0.82, 0.82, and
0.96, respectively. Fig. 19 shows the output power and voltage
of each PV module, inverter output voltage, grid voltage, grid
current, and modulation waveform of each H-bridge unit with
the methods of fundamental voltage reconstruction and third
harmonic injection. Fig. 20 shows the output power and volt-
age of PV module, inverter output voltage, grid voltage, grid
current, and the ratio of output voltage to dc-side voltage of
each H-bridge unit when HPWM strategy is adopted. When the

\/1 + (230, )»iL*)z cos (wt + arctan (L 30 4, L7)) < (1+ &) /1 + (L*)?
)2
—;:?I\/l + (2, AiL*)z cos (wt + arctan (£ 37 | A, L7)) < %L ”nH(L),i: 1,2,...,n

(47)
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Fig. 21.  Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current, and modulation waveform of each
H-bridge unit under operation Case II with: (a) fundamental voltage reconstruction method; (b) third harmonic injection method.

fundamental voltage reconstruction, third harmonic injection H-bridge units are free from overmodulation and the inverter can
and HPWM methods are utilized, the maximum fundamental operate normally under these three methods. Under these three
modulation degree of the H-bridge unit is 1, 1.155, and 1.27, methods, the THD of grid current is 1.65%, 1.65%, and 2.44%,
respectively. Therefore, as depicted in Figs. 19 and 20, all the respectively.
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voltage of each H-bridge unit under operation Case II with HPWM strategy.

B. Case Il (»; = 0.40, o = 0.61, h5 = 0.71)

In the simulation, the ambient temperature is set to 25 °C, and
the irradiance in initial of the PV module corresponding to each
H-bridge unit is set to 600, 600, and 600 W/m?2, respectively.
At t = 1.4 s, the irradiance of the first PV module decreased
to 400 W/m? from 600 W/m? while the irradiance of third
PV module increased by 100 W/m?. Fig. 21 (a) shows the
output power and voltage of each PV module, inverter output
voltage, grid voltage, grid current, and modulation waveform
of each H-bridge unit using fundamental voltage reconstruc-
tion method, from which obvious harmonic distortion of grid
current can be observed, with THD of 6.80% after t = 1.4
s. In this case, the fundamental modulation degree of each
H-bridge unit is 0.61, 0.92, and 1.07, respectively, which is
beyond the capability of the fundamental voltage reconstruction
method. However, the third harmonic injection and HPWM
methods shown in Figs. 21(b) and 22 can make each H-bridge
work at their respective maximum power points, because the
maximum fundamental modulation degree of the H-bridge unit
using the two methods is 1.155 and 1.27, respectively. Therefore,
all the H-bridge units are free from overmodulation and the
inverter can operate normally under both methods. Under these
two methods, the THD of grid current is 2.29% and 2.71%,
respectively.

C. Caselll (A1 =0.50, .y =0.61, A5=1)

In the simulation, the ambient temperature is set to 25 °C, and
the irradiance in initial of the PV module corresponding to each
H-bridge unit is set to 600, 600, and 600 W/m?2, respectively.
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Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current, and ratio of output voltage to dc-side

At t = 1.4 s, the irradiance of the first PV module decreased
to 500 W/m? from 600 W/m? while the irradiance of third PV
module increased by 400 W/m?. Fig. 23(a) and (b) shows the
output power and voltage of each PV module, inverter output
voltage, grid voltage, grid current, and modulation waveform of
each H-bridge unit when the fundamental voltage reconstruction
and third harmonic injection methods are utilized, respectively.
It can be seen that the grid current has serious harmonic dis-
tortion after + = 1.4 s under both methods, and the THD is
26.31% and 8.89%, respectively. In this case, the fundamental
modulation degree of each H-bridge unit is 0.62, 0.75, and 1.24,
respectively, which exceeds the capability of the fundamental
voltage reconstruction and third harmonic injection methods.
However, HPWM method shown in Fig. 24 is still capable of
dealing with this unequal power distribution condition, because
the maximum fundamental modulation degree of the H-bridge
unit using this method can reach 1.27. It can be seen from
Fig. 24 that the third H-bridge unit is close to square wave
modulation. Therefore, all the H-bridge units are free from
overmodulation and the inverter can operate normally with
this method. Under this method, the THD of grid current is
2.21%.

Finally, based on the abovementioned content, Table III is
given in order to compare the characteristics of different control
methods more intuitively. The design complexity, implementa-
tion complexity of each control method, the maximum modula-
tion degree that each H-bridge module can achieve in the table.
In addition, the PRFs of each power control method and the
current THD under three simulation conditions is given when n
=3,L" =5%, & = 10%.
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Fig. 23.  Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current, and modulation waveform of each
H-bridge unit under operation Case III with: (a) fundamental voltage reconstruction method; (b) third harmonic injection method.

VI. CONCLUSION routing ranges are mathematically deduced in detail, and their

This article introduces several typical power routing control power routing gap.abili.ties are compareq by q}lalitative index
methods of single-phase CHB PV grid-connected inverter based P.RS and quantitative index PRF. The s1mu1at19n results Of a
on fundamental voltage reconstruction, third harmonic injection, smgle-.pl.lase seven-level C,HB PV grid-connected inverter verify
and HPWM. At the same time, the expressions of their power the validity of the theoretical analyses.
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voltage of each H-bridge unit under operation Case II with HPWM strategy.
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Voltage/V

TABLE III
COMPREHENSIVE COMPARISON OF DIFFERENT CONTROL METHODS

Simulation results of output power and voltage of PV module, inverter output voltage, grid voltage, grid current, and ratio of output voltage to dc-side

Method Design Implementation Max modulation Max Grid current THD
ctho complexity complexity degree PRF Case | Case Il Case III
Fundamental voltage Simple Simple 1 375%  1.65%  6.80%  26.31%
reconstruction
Third harmonic Medium Medium 1.155 2037%  1.65%  229%  8.89%
njection
HPWM Complex Complex 1.27 36.77%  2.44% 2.71% 2.21%

Based on the comparative study of several typical power rout-
ing control methods of single-phase CHB PV grid-connected
inverter, the following conclusions can be drawn.

1) The power routing ranges of several typical power routing

2)

3)

control methods are only related to the number n of H-
bridge unit, per unit value of filter inductor L*, and the
voltage overrating £. Under the premise that the number
n of H-bridge unit is constant, the change of L* has little
effect on the power routing range, and as £ becomes larger,
the power routing range increases significantly.

The power routing control method based on fundamental
voltage reconstruction can be divided into three types
according to the reactive power distribution method of
each H-bridge unit. The PRSs of the three methods are
very small, with only slight differences. When n = 3, L*
= 5%, & = 10%, PRFs of the three methods are 3.74%,
3.67%, and 3.75%, respectively.

Compared with the power routing control method based on
fundamental voltage reconstruction, the traditional third
harmonic injection method greatly expands the PRS, and
its PRF is 19.79%. Based on the traditional third har-
monic injection method, the optimized third harmonic

injection method further expands the PRS, and its PRF is
20.37%.

4) Compared with the power routing control method based on

(1]

(2]

(3]

[4]

(51

the third harmonic injection, the HPWM strategy signifi-
cantly expands the PRS, and its PRF is as high as 36.77%.
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