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An Optimized Reactive Power Compensation
Strategy to Extend the Working Range of
CHB Multilevel Grid-Tied Inverters

Jinyu Li

Abstract—In the cascaded H-bridge photovoltaic (PV) grid-
connected inverter system, the power of PV panels may be unbal-
anced due to partial shading, aging, dust accumulation, tempera-
ture difference, and other reasons. The existing control methods
have problems, such as weakened PV energy harvesting ability
and the requirement of expanding the working range when the
imbalance is severe. This article proposes an optimized reactive
power compensation strategy (ORPCS) that first extends the op-
erating range of the system to the maximum under unity power
factor. Then, when the system exceeds the upper limit of unity
power factor operation under severe imbalance, not only can the
maximum PV output energy be harvested with the least amount
of reactive power but also the PV voltage fluctuation is small with
high-quality grid-connected current when ORPCS is adopted. Last
but not least, under balance or mild imbalance yet maintain the
advantages of the conventional carrier phase-shift SPWM methods.
Simulation and experimental results demonstrate the effectiveness
of the proposed method.

Index Terms—Cascaded H-bridge (CHB), improved working
performance, minimum reactive power injection, power
imbalance.

NOMENCLATURE
N Number of H-bridges.

Au  DC voltage ripple of the H-bridge (HB) with highest
power.

vmr  Multilevel output voltage of CHB.

Vup; Peak fundamental voltage of the ith HB.

Vg Grid voltage.

Ve Peak value of the grid voltage.

Iy Grid current.

iep  Signal delaying iy by 7/2.

Iy Peak value of the grid current.

Iy Peak value of the reactive component of the grid current.
Isq Peak value of the active component of the grid current.
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Vbc: DC voltage of the ith HB.

Ipyv; DC-side input current of the ith HB.
S Common modulation index (MI).
AS; Modification of MI of the ith HB.

S; MI of the ith HB.
S MI of the ith HB with a maximum value of 1.27.
9;‘g Reference angle of grid current.

Reference modulation signal of the ith HB.

Vms
vmsi  Modified reference modulation signal of the ith HB.

I. INTRODUCTION

S THE environmental pollution caused by the use of

fossil energy, such as petroleum and coal, has threatened
the living environment of human beings, carbon neutrality is
the general consensus of various countries at present, and it
is a development trend to gradually replace the fossil energy
with clean energy, such as wind and solar energy. Among the
converters adopted in photovoltaic (PV) power generation, the
multilevel structure can improve the power quality of grid-
connected current and reduce electromagnetic noise [1], [2].
Compared with diode-clamped and flying-capacitor multilevel
converters, the cascaded H-bridge (CHB) converter uses the least
switching devices when the number of levels increases and has
the advantages of modularity, easy maintenance, high efficiency,
and high flexibility [3], [4], [5], [6], [7].

The dc sides of the cascaded H-bridge (HB) multilevel grid-
connected PV inverter can be connected to PV panels, which
can realize the independent maximum power point tracking
(MPPT) and has the advantage of improving efficiency [8], [9],
[10]. In addition, the CHB PV inverters allow for module-level
monitoring and module-level shutdown in case of emergency.

Due to partial shading, dust accumulation, temperature dif-
ference, or damage of some PV modules, the power generated
between different modules is inconsistent, which may cause the
reduction of PV energy harvesting and even system oscillation,
resulting harm to the system. Zhao et al. [11], [12], [13] derived
the safe working range of the CHB system. When the system
exceeds the safe operating range, Iman-FEini et al. [14] proposed
to increase the reference dc voltage if the modulation index (MI)
of a certain HB cell exceeds 1, allowing this cell to return to
the linear modulation region. However, increasing the reference
voltage makes the dc-side PV panels deviate from the maximum
power point (MPP), leading to a reduction of PV energy.
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Aiming at this problem, the third harmonic compensation
strategy (THCS) proposed in [15] can make a high-power HB
cell work in the linear modulation region without deviating from
MPP. The principle of the THCS is to increase the linear modula-
tion region of the system to 1.155 by injecting the positive third
harmonic in the high-power cells and injecting the correspond-
ing amount of negative third harmonic into the low power cells.
However, when the MI is greater than 1.155, THCS will also be
out of safe working range. In response to this problem, the hybrid
modulation method [16], [17], [18] uses a strategy of combin-
ing low-frequency square wave modulation and high-frequency
pulsewidth modulation (PWM) to extend the linear modulation
region to 1.27, which solves the problem encountered by the
THCS. The hybrid modulation method selects low-frequency
square wave signal with certain duty cycle or the high-frequency
PWM to control a corresponding HB cell at a certain time inter-
val according to the PV output voltage. However, this method
causes irregular fluctuation of PV output voltages [19], [20],
[21]. To solve this problem, the harmonic compensation strategy
(HCS) [19], [20], [21] not only has a linear modulation region
of 1.27 but also uses proportional—integration (PI) algorithm to
make the capacitor voltage accurately track the MPP command
voltage, thus solving the problem encountered with the hybrid
modulation method. The basic principle of HCS is to inject
multiple harmonics into the cells with MIs greater than 1 and
compensate the same amount of opposite harmonics into the rest
cells so that the total amount of positive and negative multiple
harmonics cancel out each other. The multiple harmonics in a
high MI cell extend the fundamental component of modulation
signal, making it peak at 1.27. The phase of modulation signal
of HCS is the same as the angle output from the inner loop,
which is the phase of the multilevel voltage of the CHB PV
inverter. Therefore, the operating range is not extended to the
maximum because the ac voltage and ac current of the highest
power HB cell is not in the same phase at the upper operating
boundary. When the MI of a certain cell is higher than 1.27,
the HCS will not be able to output all the energy of the PV
panels [21], resulting in a loss of PV energy. The reactive power
compensation strategy (RPCS) [22], [23], [24], [25] injects a
certain amount of reactive power into the system, which can pull
the high-power cells working in the nonlinear modulation region
back to the linear modulation region. Thereby, the purpose of
expanding the working range of the CHB multilevel PV inverter
and harvesting more PV energy is realized. However, compared
with RPCS, HCS does not require reactive power injection and
can maintain unity power factor (PF) operation in the range of
MI greater than 1 and less than 1.27, so RPCS is not optimal to
extend the safe working range of CHB PV inverter. Therefore,
this leads to the idea of combining HCS and RPCS to achieve
better control objectives: First, when the M1 is less than 1.27, use
HCS to achieve unity PF operation and harvest all PV energies.
Second, when the output power imbalance of the PV panels
exceeds the upper working boundary of the HCS, adopt the
HCS and RPCS (HCS-RPCS) simultaneously to harvest all PV
energies.

However, HCS-RPCS is not an optimal idea, which is ex-
plained as follows. Although the fundamental amplitude of an
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HB cell with the highest active power remains at 1.27 (the highest
MI that HCS can achieve) when the MI reaches the upper limit
of HCS and then the system is injected with reactive power,
the fundamental component of this cell is not in phase with
its ac-side current. Moreover, because of the injected reactive
power, the phase difference between current and voltage on the
ac side of the highest MI cell become larger, and the active
power of this cell has not reached the maximum state under
the amount of reactive power injected. We should extend the
active power handling range instead of injecting more reac-
tive power to grid to harvest PV energy. The reactive power
required in HCS—RPCS is relative high, so it is not an optimal
idea.

This article proposes an optimized HCS-based RPCS (OR-
PCS), which aims to achieve the goals as follows.

1) When the system reaches the upper boundary of unity
PF operation, the fundamental component of modulation
signal of the highest power cell reaches the maximum
value 1.27 and is in the same phase as its ac-side current,
resulting this cell output the maximum active power, so
the operating ability to handling imbalance is extended to
the upper limit of unity PF operation, ensuring that the
PF is the highest when there is no need to inject reactive
power.

2) When the system exceeds the upper limit of unity PF
operation, this article proposes the minimum reactive
power injection control strategy. In this operating state,
the fundamental amplitude of the HB cell with the highest
active power always maintains 1.27 and is always in phase
with its ac-side current so that this HB cell can output
the maximum active power under that injected amount
of reactive power, and the system can harvest PV energy
with the least reactive power. In addition to the above two
advantages, other advantages also include.

a) Theinjected reactive power is the least, so it can reduce
the risk of overcurrent.

b) Under severe imbalance conditions, the method pro-
posed in this article can harvest more PV energy com-
pared with other methods, such as HCS, RPCS, and
THCS.

¢) The dc voltage fluctuation is small, which is also con-
ducive to energy harvesting.

As for leakage current, Zhou et al. [26], [27], [28] analyze
and solve the problem of interarray leakage current. In addition,
Zhou and Li [26] also analyze and solve the problem of common-
mode current between PV panels and ground. These leakage
current suppression solutions discussed in [26], [27], and [28]
combined with the ORPCS proposed in this article can enhance
the performance of the CHB PV system so that the PV system
can not only meet the leakage current suppression requirements
but also improve the PV energy harvesting capacity.

The rest of this article is organized as follows. Section II
introduces the system configuration and operating limitation
of the CHB PV system. Section III deduces the realization
principle and method of ORPCS. Sections IV and V present
the simulation and experimental results, respectively. Finally,
Section VI concludes this article.
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Fig. 1. System configuration.

II. SYSTEM CONFIGURATION AND OPERATING LIMITATION

Fig. 1 shows the main circuit based on the CHB topology. The
ac sides of N H-bridge cells are connected in series to obtain
the multilevel voltage vyir,. The energy is sent to the grid vg
through inductor L with the grid-connected current ig. Ipy; is
the input current of the ith HB cell. C; and Vp(; are the dc-
side capacitance of the ith cell and its voltage. The dc side of
each H-bridge can be connected to several PV modules in series
and parallel so as to achieve the purpose of reducing switching
devices and cable pairs.

When the powers generated by PV panels are unbalanced,
Zhao et al. [11], [12], [13] give the safe operating range of the
CHB as follows:

Ipy; < 0.51, (D

where I, represents the amplitude of the grid-connected current.
If Ipv; > 0.5, it is beyond the working range of the system.
At this time, the grid-connected current needs to satisfy I, >
2max(/pv ;) to maintain the system in linear modulation region
according to (1). Therefore, the reactive power injection method
proposed in [22], [23], [24], and [25] realizes the return of the
high-power cells to the linear modulation region by injecting
reactive power into the system. The amount of reactive current
injected is

loq = \/{\@maX(IPVi)}Q — (Iga)® (2)

where 1,4 and I, denote the amplitude of active and reactive
component of the grid-connected current.

However, for the HCS proposed in [19], [20], and [21], it
not only does require reactive power injection (the amount of
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Fig. 2. Control block diagram.

reactive power injected is 0) but also uses the PI controllers to
accurately track the MPP voltage of the PV panels when 1 <
MI < 1.27 so that all PV energies can be harvested. The output
current of the PV panels under HCS control should satisfy

1.27
Ipy; < ng- 3)

However, when Ipy; > 1.271; / 2, HCS cannot achieve the
cell with MI exceeding 1.27 to work at the MPP, which will lead
to energy loss [21].

However, the PV energy loss can be prevented by injecting a
certain amount of reactive power into the system when Ipvy;
> 1.271; / 2 under HCS control. But HCS-RPCS is not an
optimal strategy as explained. In a severe imbalance case such
that it exceeds the upper working boundary of HCS and then the
system is injected with reactive power, although the fundamental
amplitude of the cell with the highest active power remains at
1.27 (the highest MI that HCS can achieve), the fundamental
component of this cell is not in phase with the ac-side current,
so the active power of this cell has not reached the maximum
state under the amount of the injected reactive power, indicating
that HCS-RPCS is not optimal. Instead, the idea of this arti-
cle is to propose an optimized RPCS to achieve the purpose
of harvesting energy by expanding the active power handling
range rather than injecting more reactive power into the system,
that is to say, harvesting more energy with the least reactive
power.

III. OpTIMIZED RPCS

The basic control block diagram of the CHB grid-tied PV
inverter is shown in Fig. 2. The PI regulators in the dg coordinate
adjust the dc voltages and grid-connected current to achieve no
static error control. The MPPT block outputs the MPP command
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voltage Vpc;*, the sum of which Ziv Vic; and the sum of the
dc voltage feedback signals f[ Vbei are adjusted by the outer
loop PI regulator to obtain the reference active signal Iyq* of
the grid-connected current. The real-time angle wt obtained by
the phase-locked loop, the grid-connected current i, and the
igp delaying iy by 7/2 are sent to dq transformation to generate
the active feedback signal /4 and the reactive feedback signal
Iy of the grid-connected current. Ioq and I, are adjusted by
the PI regulators in the inner loop, which output the d-axis
reference signal Uq and g-axis reference signal U,. Then, the
average modulation ratio S and angle 0, can be obtained as

follows:
s=\Juz+ 02 @)

f. = arctan (gq) . 5

d

And then get the common modulation signal as follows:
Um = Ssin(wt + 6,). (6)

For the control of dc voltage of a cell, the reference signal
Vpei* from the MPPT block and the feedback value Vp; are
automatically adjusted by a PI regulator without static error
from which the fine-tuning duty cycle AS; is obtained and
superimposed on the base MI of this cell. Therefore, the active
power of this cell is modified, enabling the capacitor voltage
Vb that tracks the reference voltage Vpc;™ at MPP.

For the first to the (N-1)th cells, their modification signals of
MI are calculated by the PI regulators, which together with the
base signal S constitute the MI of this cell as follows:

S;=S+AS;, i=1,...,N—1. 7)

When the modulating signal of a cell becomes a square wave
with amplitude of 1, it can achieve the maximum fundamental
amplitude, which is 1.27. That is to say, the actual maximum MI
of a cell is 1.27. In order to reflect the actual MI of a cell, the
g - {1.27 S; > 1.27

=15

1=1

G 2iar =L N-1  ®

is used to participate in the closed-loop control.

According to the principle that the sum of the voltage varia-
tions produced by each fine-tuning signals should be zero, the
fine-tuning signal of the last cell is calculated as follows:

N-1

> (Si = S)Voci ©)

i=1

1

Voew

ASy = —

and further get the MI of the last cell

Sy =54+ ASnN. (10)
Similarly, limit the maximum value of Sy to 1.27
. 127 Sy >127
Sy = {SN Sy < 1.27. an
Si(i=1,...,N) reflects the MI and the relative amount

of power delivered by each cell. When the system is slightly
unbalanced, we can use the sinusoidal reference signal PWM
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Fig. 3.

Phase diagram of mode 1.

to achieve simple control (working mode 1 in Section III-A).
When the system is medium unbalanced, we propose a strategy
to extend the system to the upper limit of the working range under
unity PF using nonsinusoidal reference signal PWM (working
mode 2 in Section III-B). The upper working boundary of this
working mode is that the fundamental component of the cell
transferring the highest active power reaches the maximum (the
MI reaches the maximum value of 1.27) and is in the same
phase as the ac current. When the imbalance continues to expand,
we propose the strategy of harvesting PV energy with the least
reactive power (working mode 3 in Section III-C).

A. Working Mode 1 Under Slight Imbalance

When the maximum MI, maxS;(: = 1,...,N),is less than
1, there is no overmodulation problem, and the system control
can be realized by using the conventional sinusoidal modulation
signal. This operation state is defined as “slight imbalance.” The
upper boundary of this working mode is that the highest MI is
less than or equal to one, and the modulation signal of each HB
in this mode is given as follows:

Ui = S, sin(x) (12)

where

x = wt+ 6,. (13)

The phase diagram of this working mode is shown in Fig. 3.
When the M1 is greater than 1, this will exceed the operating
range of mode 1 and will automatically enter mode 2.

B. Working Mode 2 Extending the Operating Range to the
Limit Under Unity PF in Medium Imbalance Conditions

When the maximum MI, maxS,(i = 1,...,N), is greater
than 1, it will exceed the adjustable range of the sinusoidal
modulation signal control (mode 1). Therefore, this article will
propose a new method to let the system enter the working mode 2
extending the linear modulation region. The goals to be achieved
are as follows: First, Mode 1 and mode 2 can be switched
seamlessly, and the inverter output current transitions smoothly
without overshoot during the switching process. Second, extend
the working range of the system to the maximum under the unity
PF.

The lower boundary of mode 2 is that the maximum MI,
maxS;(i = 1,...,N), is equal to 1, as shown in the curve
sin(x) in Fig. 4(a). The upper boundary is the extension of the
operating range of the system to the maximum under unity PF
(the fundamental component of modulation signal of the highest
power cell reaches its maximum value, i.e., 1.27, and in the
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Fig.4. Operating boundaries of mode 1 and mode 2 and the injected waveform.

(a) Operating boundaries of mode 1 and mode 2. (b) Waveform to be injected
in mode 2.

same phase as the ac-side current). The upper boundary can be
expressed as follows:

B 1 sin(wt +6;,) >
vow(2) = { -1  sin(wt + Gi*g)< 0 (14)
where the reference current angle ¢}, is given as follows:
Leq
b, = arctan . (15)
I*
gd

Equation (14) represents a square wave signal in the same
phase as the ac current, and its waveform is vsy(x), as shown in
Fig. 4(a). When the system operates between the lower and upper
boundaries of mode 2, the solution proposed in this article is as
follows. The region between the upper boundary vg (x) and the
lower boundary sin(x) is the adjustable region of the modulation
signal of overmodulation cells in mode 2, and the difference can
be expressed as follows:

'Uinjecl(x) = ’Usw(l‘) - sin(a:). (16)

When all vipject (%) is injected into sin(x), the upper boundary
Vsw(Xx) can be obtained. When zero times Viyject(X) is injected
into sin(x), the lower boundary sin(x) can be obtained. When the
system operates between the upper and the lower boundaries,
we inject a part of Vipject (x), that is, d; vinjeet (), d; € [0, 1], into
the unity signal sin(x) such that the purpose of continuously
adjusting the fundamental component of a cell is achieved. When
Si= 1, the injection amount of Vinject (X) should be 0, so the
injection factor d; should be equal to 0; when S}= 1.27, all
Vinject(*) should be injected, so d; should be equal to 1. When
SZ’- increases from 1 to 1.27, d; should rise from O to 1, so set the
relationship between S} and d; to

!
d; = 0. 27 —(5; —1).
Because Vipject(x) contains step changes, as shown in
Fig. 4(b), they will cause the modulation signal to contain step
changes, which will cause the grid-connected current to distort
under the carrier phase-shift PWM technique implemented by
DSP controller digitally. So, the vipject (x) is replaced by viy;j(x),

a7
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Fig. 5. Modulation waveforms of the overmodulation cells with different d;.

as shown in Fig. 4(b), to eliminate the step changes

vinj () = vy () = sin(z) (18)
where
1 9sin(wt + 6;,)> 1
Vg () = ¢ 9sin(wt +65,) —1 < 9sin(wt +65,) <1 (19)
-1 9sin(wt + 6;,)< — 1.

For cells with MIs greater than 1, the modulation signals are
expressed as follows:

Um; (@) = sin(x) + dyvin(x), d; € [0,1]. (20)

When the value of d; varies with different values, the wave-
forms are shown in Fig. 5.

The sum of the fundamental components produced by S}
should be equal to the sum of the fundamental components
produced by the common modulation index S (without inde-
pendent MPPT control loop activated) to reduce the coupling
effects between the independent MPPT control loop and the
inner current control loop [29]

N N
D[S} sin(z)Voes] = Y [S'sin(z) Vocil- (21)
=1 =1

The sum of the instantaneous output voltages on the ac side
of CHB produced by the modulation signal vy,;(x) of each
cell should be equal to the sum of the instantaneous voltages
produced by the common modulation signal Ssin(x) [29]

N N
Z ['Umi (:L')VDCZ] = Z [S sin(ac)VDCi}. (22)
i=1 =1

Subtracting (21) from (22) to obtain the instantaneous voltage
balance formula

Z{vm

Assuming that the number of cells with MIs no greater than
1 is k, the MIs of the remaining (N-k) cells are greater than 1.

S sm( )]VDCz}’ =0. (23)
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Fig.6. Overmodulation phenomenon near zero-crossing point. (a) Modulation
waveform before correction. (b) Modulation waveform after correction.

From (23), it can be deduced that
k

D Alvmi(e) = S} sin(@)]Voci}

i=1

N

= Z {[S:sin(x) — v (2)| Ve }- (24)
i=k+1

Since the modulating signals of the cells with MIs greater than

1 are already given by (20), the right-hand term of (24) can be

calculated as c(x) within one execution cycle of the controller

N
c(x) = Y {[Sisin(x) — vmi(2)]Vbei}-

i=k+1

(25)

In order for the balance formula (23) to hold in any case, the
¢(x) can be distributed to the modulating signal S;sin(x) of the
1—k cells whose MIs are no greater than 1, and let Zlf {[vmi(x) —
Sisin(z)]Vpe; } be equal to ¢(x).

For a cell whose S; is less than 1, the smaller S} is, the
more c(x) we can distribute to this cell. Its modulating signal
is expressed as follows:

vmi(z) = S sin(z)

(1 =8)Vbci 1
1= S)Vocr + -+ (1— S;)VDCkC<x) Voos
(1= Si)e(x)
(1—=S)Vbc1+ -+ (1 —5,)Vbck

ci(x)

+

= S} sin(x) +

(26)

Equation (26) shows that the modulating signals of the first
to the kth cells consist of the components S}sin(x) and c;(x).
Similarly, for the modulating signals of the (N—k+1)th to the
Nth cells, in addition to the fundamental components S; sin(z),
the corresponding components c;(x) can also be extracted as
follows:

ci(r) = vy (z) — S sin(z). (27)

The modulating signals of the 1-k cells are superimposed
with ¢;(x). However, when the absolute value of ¢;(x) added to
a cell is too large, the modulating waveform of this cell will
be overmodulated near the current zero-crossing point. This
phenomenon is shown at point x; in Fig. 6(a). If the instantaneous
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value of ¢;(x) at point x; is less than — (S} sin(z) + 1), it will
inevitably cause the modulation signal vy, ;(x) to be less than —1,
resulting in overmodulation phenomenon; in fact, the instanta-
neous value of ¢,;(x) at point x; is less than — (5] sin(z) + 1).
If ¢;(x) is multiplied by a factor of — (S} sin(z) 4+ 1)/¢;(x) and
then superimposed on S;sin(x), the modulating signal vy, ;(x)
of this cell can be made exactly equal to —1, thus avoiding
overmodulation problem at point x; . This factor can be expressed
as follows:

—(Sisin(z) +1)/ci(z)  vmi(z) < —1
—(Sisin(z) —1)/ci(xz)  vmi(x) > 1.

(28)
However, each cell has different factor f;(x), which in turn
makes the instantaneous voltage balance formula (23) not satis-
fied. If the left- and right-hand sides of (23) are both multiplied
by a common factor, it is found that (23) holds; that is to say,
if the components c;(x) of the 1-N cells are multiplied by a
common factor, (23) can still be satisfied. Therefore, we take
the minimum value among f;(x) as this common factor

k

f(x) = min f;(z)

i=1

(29)

which enable that the modulation signal of each cell is distributed
between —1 and 1, thereby solving the problem of overmodula-
tion near the zero-crossing points of the current caused by the
components ¢;(x) injected.

Consequently, the new modulating signals are modified as
Vm i* ()C)

vini (%) = Sisin(z) + f(z)e;(@). (30)
C. Working Mode 3 for Harvesting PV Energies With

Minimum Reactive Power

When the imbalance of PV energies exceeds the operating
range of working mode 2, the output voltages of the PV panels
with higher power will not be tracked at the MPP if no additional
measures are taken at this time, which will lead to the loss of
PV energies. However, injecting reactive power can solve this
problem [22], [23], [24], [25].

The control goals of mode 3 are that to realize each cell work
at MPP with the least reactive power so as to fully harvest the
PV energies.

At the upper boundary of mode 2, the MI of the cell with
the highest power is 1.27 (theoretical maximum value), and
its fundamental component is in the same phase as its ac-side
current, thus reaching the upper boundary of zero-reactive-
power-injection operation (unity PF operation case). When the
unbalanced power exceeds the upper limit of mode 2, reactive
power injection is required to harvest all energies from each
panel, thus entering working mode 3. In order to achieve the
least amount of reactive power injected, it is necessary to keep
the following points in mind.

1) The MI of the highest power cell is always equal to 1.27.

2) The fundamental component of the highest power cell is

in the same phase as its ac-side current.
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Fig. 8. Phase diagram of mode 2.

When the MI of the highest power cell is maintained at
1.27, it can be seen from (20) proposed in this article that the
corresponding fundamental component of the modulating signal
is 1.27 and is in phase with the ac current, which is an automatic
process. Therefore, working mode 3 only need to achieve the
following points.

1) When the system has to inject reactive power to harvest
all PV energies, how to make the MI of the highest power
cell exactly 1.27 in order to keep the minimum reactive
power injection.

2) When the system returns to mode 2, the reference reactive
current signal should automatically become zero.

In order to achieve these two goals, the control principle

proposed in this article is shown in Fig. 7.

The working principle of Fig. 7 is explained as follows. When
the system works in mode 2, maxS; is less than 1.27 so that the
reference reactive current /4" is automatically reduced to 0, the
lower saturation limit of the PI (the PI antisaturation method
is clamping). When the system enters mode 3 from mode 2,
the input error signal of the PI regulator is positive, and the PI
output increases, which will automatically track maxS; to 1.27
and stabilize it at 1.27, thereby achieving the least reactive power
control.

When the PCC voltage is lower than the rated value, the output
of the PI regulator in Fig. 7 should be multiplied by —1 to assist
the low-voltage ride through function. When the PCC voltage
is higher than the rated value, the output of PI is multiplied
by 1 to assist the grid to stabilize the PCC voltage at the rated
value.

The reason why the input signal in Fig. 7 uses S; instead
of §j is that S has been limited to 1.27 and below. However,
S; can make the input signal of the PI regulator in Fig. 7
positive, realizing the positive increase of the output of the PI
regulator.

The phase diagrams of mode 2 and mode 3 are shown in Figs. 8
and 9. Comparing the phase diagrams of mode 1, mode 2, and
mode 3, it can be seen that mode 1 and mode 2 always work at
unity PF. It can be seen from the phase diagram of mode 3 that
the output voltage Vi v and the current I; of the HB whose MI
exceeds 1.27 (take HB yy as an example) are in the same phase,
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i

Fig. 10.  Resonant control signal.

which make this high-power HB transmit pure active power from
PV panels.

The reactive power can be processed according to different
operation scenarios, which can be divided into four types. In
operation scenario 1, there is only one inverter in this scenario
and it is not allowed to inject reactive power into the grid.
In operation scenario 2, there are more than one inverter in
the system. In operation scenario 3, there is a reactive power
compensation device in the system. In operation scenario 4, the
system allows to inject reactive power.

For the operation scenario 1, we can set the reactive power
command Igq* to zero to obtain unity PF operation. For the
operation scenario 2, the inverter in future PV system is required
to generate reactive power to support the stable operation of
utility grid. That is to say, the inverter has reactive power
compensation capability. The reactive power of a certain inverter
can be absorbed by another inverter. This not only increases the
PV energy harvesting capacity under unbalanced input powers
with the strategy proposed in this article but also compensates
for reactive power. For the operation scenario 3 equipped with a
reactive power compensation device, the reactive power under
severe imbalance can also be compensated by the reactive power
compensation device. For the operation scenario 4, according
to the method proposed in this article, the system can realize
that each module works in the MPPT state to increase the
power generation and can realize the minimum reactive power
operation. Because the reactive power is reduced, the rms value
of the inverter output current is smaller and it is beneficial to
improve the efficiency and energy harvesting capacity.

D. Harmonics Suppression

There are multiple methods to achieve harmonic suppression
and improve grid-connected power quality. The resonant con-
troller is an effective method [30]. The resonant control strategy
is shown in Fig. 10. The resonant controller can be expressed as

follows:
2Kri ¢ .
Gin(s) = Yt L i=35 7.
52 4 2wes + (iwo)

(€19
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Simulation waveforms of ORPCS. (a) Power of each cell. (b) MIs. (c) Modulation wave of cell 1. (d) Modulation wave of cell 2. (¢) Modulation wave

of cell 3. (f) Modulation wave of cell 4. (g) PCC voltage and current. (h) DC voltages.

where wq is the fundamental frequency of the grid voltage v,
and w, is the bandwidth of the resonant controller, taken as w.
= 4 rad/s in this article.

The total output signal vy,,, of the resonant controller, as
shown in Fig. 10, is superimposed on the modulation signal of
each HB, which can achieve the effect of improving the quality
of grid-connected power. Since the main goal of this article is
how to harvest more energy under unbalanced PV modules, and
the mechanism of resonant control strategy has been discussed
in detail in [30]; therefore, the resonant control mechanism is
not discussed in detail in this article.

E. Novel and Original Contribution of This Article

The HCS in [19], [20], and [21] successfully improves the
working range of system and it has several advantages, such as
higher MI up to 1.27 and smaller PV voltage fluctuation, which
is beneficial for PV energy harvesting. However, HCS cannot
achieve full harvesting of PV energy for modules whose MIs
are greater than 1.27 [21]. If reactive power is injected in HCS
at this time, the amount of reactive power injected is not the least.
This article proposes an optimized strategy to achieve minimum
reactive power injection while retaining all the advantages of
HCS to achieve more energy harvesting in unbalanced condi-
tions, which is the original contribution of this article.

IV. SIMULATION AND COMPARISON

In order to verify the correctness and effectiveness of the pro-

TABLE I
PV PARAMETERS

Symbol Parameter Value
Proax@25° Maximum power 250 W
Vo@25° Open-circuit voltage 37.6 V
L. @25° Short-circuit current 8.55 A
Vwpp@25° Voltage at MPP 31V

Ivpp@25° Current at MPP 8.06 A
Prax@45° Maximum power at 45° 229 W
Vmrp@45° Voltage at MPP at 45° 283V

on a four H-bridges cascaded system and compare the control
effects with the existing strategies, such as RPCS, THCS, and
HCS, to show the advantages and disadvantages of ORPCS in
MATLAB/Simulink.

In simulation, the dc side of each H-bridge is connected to
two PV modules (PV; and PV are connected in series and then
connected to HB1; PV3 and PV, are connected in series and
then connected to HBy; PV5 and PVy are connected in series
and then connected to HB3; and PV, and PVyg are connected in
series and then connected to HB4). The parameters of each PV
are shown in Table I, and the rest of the simulation parameters
of the system are shown in Table II.

When the average MI of each cell is high, that is, the sum of
each dc voltage is low, the ability to handle unbalanced power
becomes weaker. If imbalance occurs at this time, it is more
harmful to the system. The temperature of the PV panel is higher
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Fig. 13.  Experimental platform.
TABLE II
SIMULATION PARAMETERS
Symbol Parameter Value
N Number of H-Bridges 4
L Filter inductance 4 mH
C DC-side capacitance 13.6 mF
Ve Grid voltage amplitude 208 V
fe Grid voltage frequency 50 Hz
fs Switching frequency 2.5 kHz
Ts Control system sample time 50 us
(kp» ki) Voltage loop PI coefficients (0.54, 8.9)
(kpjig» ki) Current loop PI coefficients (0.0074, 0.33)
(Kpvbs Kib) Balancing loop PI coefficients (0.08, 1.3)
(ko p1, Kigr) Reactive loop PI coefficients (0.9, 15)
(AVuppr, Af) MPPT step (P&O) coefficients (2 mV, 10 ms)

the total dc voltage is also lower. Therefore, the temperature of
the PV panels is set to 45° during the simulation test.

Fig. 11 shows the simulation waveforms of the three modes
under the ORPCS control strategy. Before 0.45 s, the system

was working in mode 1 in which the irradiation levels of each
PV panels are E;—E; = 1000 W/m? and Es—Eg = 900 W/m?,
and the output powers of HBs are P = P, = 458 W and P3
= P, = 412 W. The MlIs of HB; and HB, are the same and
the highest (0.96), the grid-connected current THD is 1.2%, and
the ripple of the dc voltage of the highest power HB (HB,) is
Au = 1.88 V. When ¢t = 0.45 s, the irradiation levels of the
panels 5 and 6 are decreased to E5 = Eg = 200 W/m? with P3 =
88 W and the irradiation levels and powers of the other panels
remain unchanged. At this time, the system enters mode 2. In
this state, the MI of HBq is 1.2, Au = 1.46 V, and THD = 2.4%.
When 7 = 0.75 s, E7 and Eg falls to 600 W/m?, Py = 274 W,
and the light intensities and powers of the other panels remain
unchanged, thus entering mode 3. Under this condition, THD =
2.8% and Au = 1.32 V. If system do not enter mode 3, not all
of the electricity generated by the PV panels will be harvested,
resulting in a waste of energy. It can be seen from Fig. 11 that the
ORPCS can achieve a smooth transition of the grid-connected
current between different modes, and the grid-connected current
quality is high in the three modes with a low THD.

Fig. 12 compares the control effects of ORPCS with THCS,
HCS, and RPCS under the same conditions. The simulation
parameters are: E1—E; = 1000 W/m?, Es—Eg = 100 W/m?, P,
= Py =458 W, P35 = P, = 40 W, and the temperature is 45°. In
this working condition, the output power of each panels varies
greatly, which is beyond the range of unity PF operation and it
is impossible to harvest all the energies of each panel, but the
injection of reactive power can solve this problem. Fig. 12(a)
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Fig. 14.

Transient- and steady-state waveforms when switching between three modes with ORPCS. (a) Switch from mode 1 to mode 2. (b) Switch from mode 2

to mode 3. (c), (), and (i) Steady-state waveform of mode 1. (d), (g), and (j) Steady-state waveform of mode 2. (e), (h), and (k) Steady-state waveform of mode 3.

shows the waveforms of THCS. The grid-connected current is
52 A peak, and the reactive component of current is 51 A peak,
with PF = 0.18. A large amount of reactive current makes the
grid-connected current very large, which threat the safe opera-
tion of the converter, and a large amount of reactive power leads
to a large ripple of the output voltage of high-power PV panel.
The dc voltage ripple of HB; is Au = 7.8 V. When the HCS
is adopted, as shown in Fig. 12(b), the injected reactive current
is reduced to 35.7 A peak, the grid-connected current becomes
37 A peak, and the PF is increased to 0.27, with Au = 6.2 V.
When the RPCS is adopted, as shown in Fig. 12(c), the injected
reactive current is reduced to 22 A peak, the grid-connected
current is reduced to 24 A peak, and the PF is increased to 0.41
with Au = 2.84 V. When the ORPCS is adopted, as shown in
Fig. 12(d), the injected reactive current is reduced to 9.7 A peak,
the PF is improved to 0.72, and Au = 1.54 V. It can be seen that
the ORPCS not only requires the least amount of reactive power
but also has the smallest ripple of dc voltage. Although the four

control strategies transmit the same amount of active power, the
required reactive power varies greatly.

V. EXPERIMENT AND COMPARISON

In this section, the strategy proposed in this article will be veri-
fied on an experimental platform and compared with other meth-
ods, such as THCS, HCS, and RPCS. The platform, as shown
in Fig. 13, consists four H-bridges controlled by DSP28377 and
powered by four PV panel simulators (Chroma 62150H-600S).
An H-bridge connects a PV simulator. Each PV simulators adopt
the parameters, as shown in Table I. In addition, the Infineon
IPPO60NO6N MOSFET is used as the switching devices. The rest
of the experimental parameters are shown in Table III.

Fig. 14 shows the transient waveforms and steady-state wave-
forms of ORPCS. Fig. 14(a) shows the transient waveform of
switching from mode 1 to mode 2. The converter first works in
mode 1 (irradiation levels and corresponding panel powers are:
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TABLE III
EXPERIMENTAL PARAMETERS

Symbol Parameter Value
N Number of H-Bridges 4
L Filter inductance 2 mH
C DC-side capacitance 27.2 mF
Ve Grid voltage amplitude 104V
fe Grid voltage frequency 50 Hz
1 Switching frequency 2.5 kHz
Ts Control system sample time 50 us
10ms/div
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Fig. 15. Experimental waveforms of ORPCS. (a) AC voltage and current.
(b) Ripple of DC voltages. (c) Powers of module 1 to module 3.

Ei = E4 = 1000 W/m?, E5 = E5 = 900 W/m?, P1 = Py =
229 W, and Py = P3 = 206 W). When the irradiation level of
panel 2 drops from 900 to 200 W/m?, the system switches from
mode 1 to mode 2, realizing smooth transition. On the basis of
mode 2, when the irradiation level of panel 3 drops from 900
to 600 W/m?, the system switches from mode 2 to mode 3, as
shown in Fig. 14(b). The steady-state waveforms of the three
modes are shown in Fig. 14(c)—(k). The grid-connected current
THD of the three modes is 1.2%, 1.8%, and 2.2%, respectively.
It can be seen that the ORPCS proposed in this article achieves
a high-quality grid-connected current.

The comparison between ORPCS, RPCS, HCS, and THCS is
shown in Figs. 15 —18. The comparison conditions are: £ = E5
= 1000 W/mz, E3 = E4 =100 W/mz, P1 = P2 =229 W, P3
= P4 =20 W, and the temperature is 45°. Under this condition,
the imbalance of power between different panels is large, which
exceeds the range of the unity PF operation. If no reactive power
is injected, ORPCS, RPCS, HCS, and THCS cannot harvest all
energies from each panel. On the contrary, injecting reactive
power can achieve more energy harvested.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

10ms/div

vo(50V/div) i,(20A/div)
(a)
""""" Ripple of Vpci2V/div) 1 oyme /i
Ripple of VE( i(2V/d1x) 10ms/d1v
Rlpple of Vpe3(2V/div)
Rl))l of Vpey(2V/div)
~ A AIAIAANA

/\ y’\/\/\/\/ NN NN

(b)
—— 3
Vo1& Vpea20V/div) 170520V /div)
—————
Tov1&lpyo(5A/div) Y Ipy3(5A/div)
P&Py(100W/div) ™ P3(100W/div)  10ms/div
©

Fig. 16. Experimental waveforms of RPCS. (a) AC voltage and current.
(b) Ripple of DC voltages. (c) Powers of module 1 to module 3.

10ms/div

I\
iy(20A/div)
(a)

X /

DAV SN e o

“\_Ripple of Vics(2V/div)
‘Ripple of Vpca(2V/div)

vo(50V/div)

(b
[ . X
TR Y, o
VDCI&VDCZ(ZOV/de) Voea(20V/div)
d Tov1&lpyo(SA/div) * Iovs(5A/div)

T T T T T T T T T

¥ Py(100W/div)
©

P, &P>(100W/div) 10ms/div

Fig. 17. Experimental waveforms of HCS. (a) AC voltage and current.
(b) Ripple of DC voltages. (c) Powers of module 1 to module 3.

Fig. 15 shows the waveform of the ORPCS. The reactive
current is 7 A rms, the output voltage of panel 1 fluctuates with
Au = 0.78 V, and the power harvested by the system at the PCC
is 479 W. However, the reactive current of RPCS (see Fig. 16)
is 15.3 A rms. The excessive reactive current and dc voltage
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Fig. 18. Experimental waveforms of THCS. (a) AC voltage and current.
(b) Ripple of DC voltages. (c) Powers of module 1 to module 3.

TABLE IV
POWER HARVESTED AT PCC

Strategy THCS HCS  RPCS  ORPCS
Power(W) 316 380 448 479

fluctuation (Au = 1.42 V) cause RPCS to harvest only 448 W
at PCC (31 W less than ORPCS).

The maximum grid-connected current that the experimental
platform can outputis 30 A peak (21.2 A rms). If it exceeds 30 A,
it will run in current-limiting mode to prevent overcurrent. The
peak grid-connected current of ORPCS and RPCS is 13.7 A and
23.5 A, respectively, which do not exceed the upper limit and
the MPPT of each panel can be achieved.

It can be seen from the simulation that the reactive power
requirements of HCS and THCS are too much, which exceeds
the upper limit of system, so they work in current-limiting mode,
as shown in Figs. 17 and 18. As a result, HCS and THCS cannot
achieve the MPPT of the higher power panels and cannot realize
the full harvest of PV output energy, which will lead to more
energy loss.

The harvested power at the PCC measured by the high-
performance power analyzer YOKOGAWA WT1800 is shown
in Table IV. It can be seen that the ORPCS proposed in this article
harvests the most PV energies with the least reactive power under
severe imbalance compared with THCS, HCS, and RPCS.

Fig. 19 checks the system performance under a polluted grid.
The grid contains 10% of the third harmonic. When the resonant
control signal is not added to the modulation signal of each HB,
the grid-connected current THD = 26%, as shown in Fig. 19(a).

5511

« (200 V/div)
eI

vj(40wdjv) i,(10A/div) 10ms/div
@
e GOV

10ms/div

i,(10A/div)
(b)

vj(4OV/ div)
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After adding the resonant control signal, as shown in Fig. 10, to
the modulation signals of each HB, the grid-connected current
waveformis shown in Fig. 19(b), with the grid-connected current
THD = 2.26%.

VI. CONCLUSION

The novelty of this article is that it proposes an optimized
strategy based on HCS and RPCS to achieve minimal reactive
power injection while retaining all the advantages of HCS. OR-
PCS can achieve more energy harvesting in severe unbalanced
conditions.

1) This article first analyzes the reasons why the existing
methods THCS, HCS, and RPCS cannot achieve the min-
imum reactive power operation under the condition of
severe unbalanced PV output powers. Then, the reason
why the combination of HCS and RPCS, HCS-RPCS, also
cannot achieve the minimum reactive power operation is
analyzed.

2) Then, this article proposes a strategy. When the MI of a
module reaches 1.27, this strategy enables this module,
which realize that the fundamental component of the
output voltage and the ac current is in the same phase.
This is the basis for achieving minimum reactive power
operation.

3) When the highest MI is greater than 1.27, this article
proposes a strategy to make the system operate in the
linear modulation region, achieve the minimum reactive
operation, and harvest more PV energy.
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