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Abstract—Cascaded H-bridge (CHB) converter has become an
attractive topology for future large-scale photovoltaic (PV) plants
in medium-voltage microgrids. However, the unequal irradiation
and aging degree of PV arrays will lead to imbalanced and in-
consistent output power between the three phases. This article
presents a novel approach to integrating PV and energy storage
(ES) systems inherent in microgrids, utilizing a hybrid CHB-based
energy router (HCHB-ER), which is configured with a limited
number of submodules to connect with the centralized ES. The
proposed topology can handle serious interphase power imbalance
and respond to grid-side power scheduling, without the appearance
of overmodulation and common-mode voltage rise caused by tra-
ditional zero-sequence voltage injection methods. Under the three
major constraints from the modulation level, the centralized energy
storage maximum intrapower regulation boundary and submodule
configuration ratio are analyzed in detail. Additionally, the power
imbalance regulation capability of the proposed HCHB-ER across
various configuration ratios is thoroughly evaluated and compared
with the zero-sequence injection methods. Finally, the correctness
and effectiveness of the proposed strategy are verified by simula-
tions and experiments.

Index Terms—Cascade H-bridge (CHB), centralized energy
storage (CES), interphase power imbalance, photovoltaic (PV).

I. INTRODUCTION

W ITH the advantages of no noise, no pollution, and low
emissions, photovoltaic (PV) systems are considered to

be the clean energy with the fastest-growing installed capacity
in many microgrid systems around the world [1], [2], [3]. A
typical medium-voltage dc distribution network is shown in
Fig. 1 [2], [3], [4]. The PV inverter is the core part of the
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Fig. 1. Typical medium-voltage DC distribution network [2], [3], [4].

PV energy conversion system, which integrates the dc into the
medium-voltage ac grid.

Compared to traditional two-level converters, multilevel con-
verters exhibit better performance, making them more suitable
for medium-voltage conversion applications [5]. The cascaded
H-bridge (CHB) topology presents an appealing solution for
future large-scale PV plants due to its modular structure and
each submodule (SM) ability to achieve independent maximum
power point tracking (MPPT), which is particularly suitable for
distributed PV access and direct connection to medium-voltage
grids. The CHB converter is divided into star and delta config-
urations. Star configuration has fewer converter-cell counts and
the lowest cost, which is more suitable for utility applications
[6]. Therefore, the star configuration is chosen as the research
topology in this article.

A. State-of-the-Art Power Imbalance Methods

Fig. 2 shows the traditional three-phase CHB-based PV
(CHB-PV) converters. The interconnection of the PV and SMs
can be divided into two types: nonisolated and isolated. Since
the insulation withstand capability of commercial PV panels is
below 1500 V, the isolated CHB-PV converter is better suited
for medium-voltage and high-power applications, whereas the
nonisolated CHB-PV converter is currently more appropriate
for single-phase, lower-power applications [7]. The three-phase
isolated CHB-PV has been extensively investigated in numerous
articles, with research topics mainly including topologies [8],
[9], reactive power compensation [10], fault ride-through [11],
[12], modulation strategies [13], [14], and so on.
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Fig. 2. Traditional three-phase CHB-PV converter. (a) Nonisolated. (b) Iso-
lated.

However, a common challenge in the three-phase CHB-PV
system is the unequal output power of each H-bridge due to
nonuniform solar irradiance and varying ambient temperature
across PV panels. This leads to intermodule power imbalance
and interphase power imbalance [7], [8], [9], [10], [11], [12],
[13], [14]. While the issue of intermodule power imbalance has
been analyzed in many single-phase CHB systems [15], [16], this
research focuses on addressing interphase power imbalance. For
the elimination strategy of interphase power imbalance in CHB
converter, it can be mainly divided into two types of methods,
which are voltage injection methods and optimal configuration
methods.

The first type is to inject a zero-sequence voltage into three-
phase CHB-stage [17], [18], [19], [20], [21], [22], [23], [24],
[25]. In [17], the fundamental frequency zero-sequence volt-
age (FFZSI) was first injected into the output voltage of the
CHB-stage, which solves the problem of grid-connected current
asymmetry caused by the unbalance of PV output power between
phases. However, the FFZSI can easily cause overmodulation of
the CHB converter output voltage, which should be less than
the sum of the CHB dc-side voltages. Therefore, the FFZSI has
poor interphase power balancing capability. In order to extend
the power balance capability of FFZSI, Yu et al. in [18], [19],
[20], and [21] introduced high-order harmonic components with
specific frequencies into the system. As third harmonic injection
(THI) can significantly improve the dc-side voltage utilization,
the THI has been proposed in [18] to extend the range of inter-
phase power balancing capabilities. On this basis, three kinds
of THI methods are proposed in [19]. Among them, the double
min–max zero-sequence voltage injection has the best power
balance capabilities, but it still does not achieve the maximum
utilization of dc-side voltage of the converter. An optimal zero-
sequence voltage injection (OZSI) method based on the iterative
method was proposed in [20], which has fast convergence and
is well-suited for digital control implementation. To compare
the power balancing capability of various zero-sequence voltage
injection methods mentioned above, an index coefficient power
balance factor (PBF) and three-dimensional (3-D) graph power
balance space (PBS) have been defined in [21]. The results
of the study show that compared to other injection methods,

FFZSI has the worst balancing capability. Although simplified
OZSI exhibits superior power balancing capability across all
injection methods, it may result in network pollution by intro-
ducing negative-sequence components of the grid current. In
addition, these methods of harmonic injection and power balance
capability analysis are also suitable for extending and analyzing
the single-phase CHB intermodule power balance region [16].

The second type is the improved configuration methods,
which is usually achieved by changing the topology connection,
adding additional magnetic elements and circuits, etc. In [22]
and [23], the working principle and control implementation
of the delta-connected CHB-PV converter were discussed and
concluded that the delta-connected CHB-PV converter greatly
improves the power balancing capability combining injection
methods compared with the star-connected CHB-PV converter.
A three-phase CHB-PV topology based on common dc bus was
proposed in [24]. The problem of intermodule and interphase
power imbalance is avoided by establishing a common dc bus
channel, but this type of topology usually uses a three-stage
structure, which increases power losses and affects the overall
efficiency of the system [7].

In summary, for the first type of methods: the injection of
high-order harmonic components in FFZSI improves the power
balancing capability, but the high-order harmonic will increase
the system common-mode voltage of the system, which causes
harm to the network side and power devices [25]. For the second
type of methods: the change of the topology configuration may
improve the interphase power balancing capability, but this
method increases the complexity of the system and configuration
[22], [23], [24]. Furthermore, the above two types of methods
have a common problem. Due to the influence of uncontrollable
factors such as climate change, the grid-connected power of
the converter varies with the PV output power, resulting in a
reduction of system rotational inertia [26].

Recently, hybrid systems that combine energy storage (ES)
and PV have attracted much attention. The flexibility of ES
makes up for the intermittency of PV system power generation
[27], [28], [29], [30], [31], which improves the efficiency and
reliability of PV power generation. The simultaneous config-
uration of PV and ES in each SM is proposed in [29] and
[30], and the power balancing is achieved using the cooperative
operation of PV and ES. However, it is difficult to balance the
state-of-charge (SOC) of ES between different SMs. In practical
engineering, the assembly of multiple groups of ES is both costly
and challenging. The stabilizing unit, where the battery and
each phase are connected via dc–dc converters, was proposed
in [31] to balance the PV output imbalance power. However,
the power balance mechanism associated with the conditions of
stable system operation is not clear, and the number of stabilizing
unit constraints is not explained.

B. Typical Medium-Voltage Energy Router Demonstration
Projects

Table I presents the compilation of typical microgrid demon-
stration projects worldwide [33], [34], [35], [36]. In the Zhangbei
New energy microgrid demonstration project, the PV output
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TABLE I
COMPILATION OF TYPICAL MICROGRID DEMONSTRATION PROJECTS

WORLDWIDE [33], [34], [35], [36]

power is 40 MW, the configured ES power is 12.4 MW, and
the voltage level is 35 kV. In the Beijing Haidian New energy
microgrid demonstration project, the rooftop PV output power
is 50 MW, the configured ES power is 5 MW, the capacity is
10 MWh, and it is connected to the 10 kV distribution network.
As can be seen from the above practical engineering examples,
as a flexible power regulation resource, ES is usually equipped
with additional ES and conversion components in a PV area
to make up for the randomness of new energy generation and
improve the grid reliability [37], [38].

C. Contribution

In this article, the ES and PV systems configured in one
microgrid are integrated into the same conversion device, and
a hybrid CHB-based energy router (HCHB-ER) is proposed,
in which a small number of SMs configure in the CHB-PV
system interconnected with centralized energy storage (CES).
This article intends to contribute in the following aspects.

1) The proposed topology eliminates the interphase power
imbalance by adjusting the configured ES module power,
which can handle serious unbalanced conditions and re-
spond to the grid-side power scheduling.

2) Under the three major constraints from the modulation
level, the intrapower regulation boundary and ES SM
configuration ratio are analyzed in detail, which provides
a security domain for the hybrid configuration stable op-
eration.

3) Compared with the distributed ES separately configured in
each PV-SM, this hybrid configuration topology reduces
the number of components and avoids the problem of
balancing the SOC for the distributed energy system.

The rest of this article is organized as follows. In Section II,
the mathematical model of the three-phase CHB-PV converter
is established to analyze the interphase power imbalance mech-
anisms and review the existing zero-sequence voltage injection
methods. In Section III, the HCHB-ER is proposed. Then, the
proposed topology is compared with the existing zero-sequence
voltage injection methods and other ES schemes in Section IV.
Simulation and experiment verify the ability of the proposed
topology to handle interphase imbalance power under different
configurations in Sections V and VI. Finally, Section VII con-
cludes the article.

Fig. 3. Equivalent model of three-phase isolated CHB-PV converter.

II. POWER IMBALANCE ANALYSIS AND INJECTION METHODS

OF TRADITIONAL THREE-PHASE CHB-PV CONVERTER

A. Mathematical Model

The equivalent model of the three-phase isolated CHB-PV
converter is shown in Fig. 3, each phase of which is formed by
n SMs and one filter inductance. The dc–dc converter shown in
Fig. 2(b) provides current isolation between PV panels and SMs,
and provides independent MPPT control for each distributed PV
module, which realizes the decoupling control of the PV system
and the CHB converter. Therefore, distributed PV modules and
isolated dc–dc converters can be equivalent to power current
sources connected to SMs [32].

In Fig. 3, vgx and ix are the ac side voltage and current,
respectively, whereas vNx represents the converter output volt-
age of phase-x (x represents a, b, and c); ipv_xi and Ppv_xi are
the PV current and power injected into the SM of phase-x,
respectively; ism_xi and vsm_xi are the SM outputs current and
voltage, respectively; idc_xi and vdc_xi are the SM capacitance
current and voltage, respectively; and Lf is the filter inductance.

When the PV panel injects the same power into each SM,
taking phase-a as an example, the switching function of the ith
SM is as follows:

Fai =
vsm_ai

vdc_ai
(1)

and the output voltage of three-phase converter can be obtained
as ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

vNa =
n∑

i=1

vdc_aiFai

vNb =
n∑

i=1

vdc_biFbi

vNc =
n∑

i=1

vdc_ciFci.

(2)

According to the KVL theorem, the CHB-PV voltage loop
equation can be derived in (3), and the equivalent circuit model of
the three-phase CHB-PV converter can be established, as shown
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Fig. 4. Equivalent circuit model of three-phase CHB-PV converter.

in Fig. 4 ⎧⎨
⎩
vNa = Lf

dia
dt + vga + vNM

vNb = Lf
dib
dt + vgb + vNM

vNc = Lf
dic
dt + vgc + vNM

(3)

where vNM is the common-mode voltage between ground and
the neutral point of the inverter.

B. Analysis of Interphase Power Imbalance

The focus of this section is to analyze the power imbalance
between the phases of the CHB converter, so it is assumed that
the output power of each SM in the same phase is uniform, that
is, Ppv_x1 =Ppv_x2 = … …=Ppv_xn, whereas the output power
of each phase is not uniform, that is, Ppv_a � Ppv_b � Ppv_c.
In order to intuitively reflect the degree of power imbalance
between phase, lx (x = a, b, c) is defined as the PV generation
power coefficient of each phase

lx =
Ppv_x

PN/3
(4)

where Ppv_x (x represents a, b, and c) is the PV instantaneous
power of each phase; and PN is the rated output power of CHB
converter.

According to (3), the power conservation expression between
the converter and the grid side can be derived as⎧⎨

⎩
Ppv_a = vNaia = Lf

dia
dt ia + vgaia + vNMia

Ppv_b = vNbib = Lf
dib
dt ib + vgbib + vNMib

Ppv_c = vNcic = Lf
dic
dt ic + vgcic + vNMic.

(5)

Combined with (5), the output power of each phase is equal
to the product of the output voltage of the converter and the grid
side current. When the PV output power between the phases of
the converter is unequal (la � lb � lc) and the output voltage of
the converter does not change, the three-phase grid current will
be asymmetry, as shown in Fig. 5 [17]. To clarify the meaning
of the various symbols, the vector symbols are shown in bold,
where Vga, Vgb, Vgc and Ia, Ib, Ic represent the grid voltage and
current vectors, respectively; VL represents the voltage vectors
of the filter inductance; and VNa, VNb, and VNc represent the
output voltage vectors of the converter, respectively.

C. State-of-the-Art Zero-Sequence Voltage Injection Methods

According to (3) and (5), the common-mode voltage compo-
nent vNM exists in three phases. Therefore, the zero-sequence
voltage injection strategy balances the difference between the

Fig. 5. Three-phase diagram for interphase imbalance operation of CHB-PV
converter.

output power of three-phase CHB-PV by changing the common-
mode voltage component vNM. In addition, due to the symmetry
of the three-phase grid current, the injected zero-sequence volt-
age does not generate additional active power.

1) Fundamental Frequency Zero-Sequence Injection: When
the output power of the three-phase is equal, the most common
and basic injection method is to inject the FFZSI. The FFZSI
expression has been derived in [17], [18], [19]

v0FF =
√
2V 0 cos(ωt+ ξ) (6)

where

V 0 =

√
2

(la + lb + lc)
Vg (7)

ξ =

⎧⎪⎨
⎪⎩
sin−1(

√
6(lc−lb)
2σ ) Sector(I), (VI)

2π
3 + sin−1(

√
6(lb−la)

2σ ) Sector(II), (III)
4π
3 + sin−1(

√
6(la−lc)
2σ ) Sector(IV), (V)

(8)

σ =

√
(la − lb)

2 + (lb − lc)
2 + (lc − la)

2 (9)

where V0 represents the amplitude of the zero-sequence voltage,
ξ represents the phase angle of zero-sequence voltage, and Vg

represents the rms value of grid phase voltage. After the injection
of the fundamental zero-sequence voltage, the converter output
voltage of the phase-a can be expressed as follows:

vNa = v+Na + v0FF

=
√
2Vcp cos(ωt+ ϕ) +

√
2V 0 cos(ωt+ ξ) (10)

where v+Na represents the positive-sequence of the converter
output voltage in phase-a, and Vcp and ϕ are the rms value and
the power factor angle of the converter output positive-sequence
voltage, respectively.

Fig. 6 shows that the phase diagram for interphase imbalance
operation after FFZSI [18], where V°FF represents the voltage
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Fig. 6. Three-phase diagram for interphase imbalance operation after FFZSI
[18].

Fig. 7. Modulation waveforms for the three zero-sequence voltage injection
methods.

vector of FFZSI; V+
Na, V+

Nb, and V+
Nc represent the converter

output positive-sequence voltage vectors, respectively; VNa,
VNb, and VNc represent the converter output voltage vectors
after combining the positive and zero sequence components,
respectively; and Vab, Vbc, and Vac represent the converter
output line-to-line voltage vectors after combining the positive
and zero sequence components, respectively.

2) Harmonic Injection: The power balance capability of
FFZSI is severely limited by the constraints on the dc-side
voltage. Therefore, expanding the power balance capability of
FFZSI can be translated into improving the dc-side voltage
utilization.

The THI can effectively improve the dc-side voltage utiliza-
tion, thus adding one-sixth third harmonic to the FFZSI can
greatly reduce the output voltage peak of the converter output
voltage and expand its power balance capability as shown in
Fig. 7. Therefore, reduce third harmonic injection (RTHI) and
double third harmonic injection (DTHI) have been derived in
[19]. However, the THI still does not achieve the maximum
utilization of dc-side voltage of the converter. OZSI has the best
power balance capability in all zero-sequence injection methods

Fig. 8. Common-mode voltage (a) and FFT analysis (b) after injection.

[20]. As shown in Fig. 7, its core idea is to add a clamped signal to
the zero-sequence voltage, clamping the overmodulation wave
to a square wave signal.

Unfortunately, the OZSI has reached the limit of the converter
output voltage and cannot be further expanded by any harmonic
compensation. This method is very complex and needs to iterate
repeatedly in the process of calculation, which takes up more
computing resource of the control system [20]. In addition, and
importantly, zero-sequence injection methods can balance the
interphase power, but it increases the common-mode voltage of
the system that has the influence on the switching devices and
grid side, as shown in Fig. 8.

III. PROPOSED HCHB-ER WITH IMPROVED POWER BALANCE

CAPABILITY

A. System Configuration

It should be noted that in typical demonstration projects, in
order to make up for the intermittency of new energy power
generation, PV will usually be equipped with ES, as shown in
Section I-B. Therefore, in order to avoid the damage of the
converter output voltage overmodulation and common-mode
voltage change to the system caused by the zero-sequence
injection, this article integrates the ES and PV into the same con-
version device, and proposes the HCHB-ER, which eliminates
the interphase power imbalance without changing the output
voltage of the converter.

The configuration of the HCHB-ER is shown in Fig. 9, where
each phase of the HCHB-ER consists of n + m SMs. Among
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Fig. 9. Proposed HCHB-ER.

them, the number of n SMs is interconnected with PV panels
through isolated boost converters, which provide current isola-
tion for PV systems while realizing MPPT. The other m SMs
are linked to the centralized ES via bidirectional isolated dc–dc
converters, which employ quad-active-bridge (QAB) technol-
ogy. When intraphase is configured with PV and ES, it can be
defined that the SMs interconnected with PV are called PV-SMs,
and the SMs interconnected with CES are called ES-SMs. The
three-phase horizontal ES-SMs of CHB are cascaded with QAB,
which reduces the cost and improves the power density of the
system. On the primary of QAB, three active bridges transfer
the energy power to the three-phase ES-SMs under the phase
shift control strategy, and the secondary active bridge of QAB
is connected to the CES dc-bus. The power provided by CES
eliminates the unbalanced power generated by distributed PV
among the CHB three-phase, enhances the stability of PV power
generation, and satisfies the converter to output the rated power
in response to the upper energy scheduling on the grid side.

B. Natural Power Balance Implementation by Central ES

The equivalent circuit model of the HCHB-ER is shown in
Fig. 10, where uNa is the converter output voltage of HCHB-ER;
upv_smai, ues_smai and ipv_smai, ies_smai are the output voltages
and currents of each PV-SM and ES-SM, respectively; upv_an

and ues_am are the sum of the output voltage of all PV-SMs
and ES-SMs in phase-a, respectively; Upv_csmai and Ues_csmaj

are the PV-SM and ES-SM capacitor voltage of the phase-a,
respectively; ipv_ai and ies_ai are the currents injected into the SM
by the PV and CES through the dc–dc converter, respectively; T
is the isolated dc–dc converter; and Upvai, Ues and Ipvai, Ies are
the input voltage and current of PV panel and CES on the input
dc–dc converter side, respectively.

As shown in Fig. 10, PV-SMs and ES-SMs together constitute
the output voltage of CHB converter after configuring the ES

Fig. 10. Equivalent circuit model of HCHB-ER.

module. Therefore, taking phase-a as an example, the single-
phase KVL equation can be written as follows:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

V Na =
n∑

i=1

V pv_smai +
m∑
j=1

V es_smaj = jωLfIa + V ga

n∑
i=1

V pv_smai =
n∑

i=1

Spv_aiUpv_csmai

n∑
j=1

V es_smaj =
n∑

j=1

Ses_ajUes_csmaj

(11)
where VNa is the converter output voltage vector, Spv_ai and
Ses_aj are the output voltage modulation ratio vectors of each PV-
SM and ES-SM in phase-a, respectively, and Ia and Vga are the
vectors of the grid current and voltage in phase-a, respectively.

Fig. 11 shows the single-phase voltage vector diagram of the
HCHB-ER according to (11), where the direction of the grid
current vector Ia is taken as the d-axis, and the direction of the
grid filter inductance vector VLf perpendicular to Ia is taken
as the q-axis to establish a d–q rectangular coordinate system.
Then, the output voltage vector of the proposed HCHB-ER can
be decomposed into two mutually perpendicular vectors based
on the direction of grid current.

Among them, the active voltage vectors of the PV and ES
module in the d-axis in the same direction as Ia are identified as
upv_smaid and ues_smaid, respectively, and the reactive voltage
vectors of the PV and ES module in the q-axis perpendicular to
Ia are identified as upv_smaiq and ues_smaiq, respectively.

Therefore, (11) can be further decomposed into⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

V Na = VNad + jVNaq

VNad =
n∑

i=1

Spv_aidUpv_csmai +
m∑
j=1

Ses_ajdUes_csmaj

VNaq =
n∑

i=1

Spv_aiqUpv_csmai +
m∑
j=1

Ses_ajqUes_csmaj.

(12)



SUN et al.: CASCADED MULTILEVEL MODULAR ENERGY ROUTER HYBRID PHOTOVOLTAIC AND ENERGY STORAGE 3643

Fig. 11. Single-phase voltage vector diagram of HCHB-ER. (a) ES-SMs
supplying power. (b) ES-SMs absorbing power.

For single-phase CHB, it is essential to maintain the dc-side
voltage balance to ensure stable system operation in the in-
traphase. Various methods have been proposed in the literature
[16] to address the intermodule power imbalance. In the pro-
posed topology, the active voltage vectors of the PV and ES
modules are proportional to their input power, and the reactive
voltage vectors are equally distributed in each module to handle
the intraphase power imbalance over a wide range.

Taking the kth PV-SM (or ES-SM) in phase-a as an example,
the active and reactive power transmitted by it to ac-side are
Ppv/es_ak and Qpv/es_ak, and the total active and reactive power
of the converter are Pa and Qa. Then, the kth PV (or ES) module
modulation ratio vector can be expressed as⎧⎨

⎩
Spv/es_ak = Spv/es_akd + jSpv/es_akq

Spv/es_akd =
(n+m)Ppv/es_ak

Pa
g cosϕ

Spv/es_akq = g sinϕ

(13)

where g is the converter output voltage modulation ratio. As
can be seen from Fig. 11(a) where the PV output active power
is greater than the average value of each phase, the ES-SMs
modulate the opposite active voltage vector to absorb the ad-
ditional active power. Similarly, when the PV output power is
insufficient, the ES-SM modulates the active voltage vector in
phase with the PV-SMs to replenish the power.

The KVL equation of the traditional three-phase CHB-PV
has been established in Section II. The three-phase node voltage
equation of the HCHB-ER can be written by referring to this
method, which will not be discussed in detail. In the following,
the grid-connected power is assumed to be constant, and the
three-phase voltage vector diagram of the proposed topology
operating under general operating condition are given to illus-
trate the energy control strategy.

Fig. 12. Three-phase voltage vector diagram of the proposed HCHB-ER.

As shown in Fig. 12 where the PV output power of phase-a
increases to the maximum power and phase-b decreases to the
minimum power, the ES-SMs of phases a and b are activated.
The ES-SMs provide maximum (minimum) power is related
to both the CES SOC and the power limitation of ES-SMs.
Therefore, taking the maximum and minimum power of ES-SMs
as the radius, the ES-SMs supplying and absorbing power region
of the three-phase can be drawn, as shown in the gray and
blue parts of Fig. 12, where ues_xm

max and ues_xm
min represent

the maximum and minimum output voltage of ES-SMs, and
upv_xm

min and upv_xm
max represent the minimum and maximum

output voltage of the PV-SMs. Similarly, the PV output power
of phase-c decreases, and the ES-SMs of phase-c need to supply
power, which satisfies the power balance region and ensures the
stable operation of the system.

The filter inductance has little impact on the converter output
voltage, so in order to simplify the analysis of the power transfer
characteristic, it is assumed that the converter output voltage is
in the same phase as the grid voltage. Therefore, the converter
output power of phase-a is

Pa = Ppv_a + Pes_a

⇔ 1

2
UNaIa =

1

2
(Upv_an + Ues_am)Ia

= Ucsm

⎛
⎝ n∑

i=1

ipv_smai +

m∑
j=1

ies_smaj

⎞
⎠

=
n∑

i=1

UpvaiIpvai +
n∑

i=1

UesIesaj (14)

where Pa, Ppv_a, and Pes_a are output power of all SM, PV-SMs,
and ES-SMs of phase-a, respectively, Ia is the grid current am-
plitude, UNa is the converter output voltage amplitude, Upv_an

and Ues_am are the output voltage amplitudes of all PV-SMs
and ES-SMs, respectively, and Ucsm is the average capacitance
voltage of the SM.
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Fig. 13. Power transmission equivalent mode of QAB.

Fig. 14. Power transfer model of QAB. (a) Equivalent model. (b) Modulation
strategy.

The single-phase output power (14) has been discussed above.
In the proposed topology, the CES transmits power to the
three-phase horizontal ES-SMs through QAB. The equivalent
model and modulation strategy of QAB power transfer model
are established in Fig. 13, in which phase shift modulation with
50% duty cycle is adopted for the power transmission between
secondary CES and primary three SMs. The QAB equivalent
model is shown in Fig. 14(a), and the QAB modulation strategy
is shown in Fig. 14(b).

It can be seen that the phase shift angle ϕ determines the
magnitude and direction of the power transfer between the
primary SM and the secondary CES. The jth ES-SM power in
phase-a Pes_xj transferred from the primary port (u = a′, b′, c′)
to the secondary port (v = sec) has been derived in [32], which
can be expressed as follows:

Pes_xj =
npsUcsmUes

2fsLs

φx

π

(
1− |φx|

π

)
(15)

where nps is the turn ratio of primary and secondary winding
of high-frequency transformer of QAB, fs is the high-frequency
transformer switching frequency of QAB, ϕx is the phase shift
angle of QAB, and Ls is the phase shift inductance of QAB.

The interphase power balance of CHB converter can be re-
alized, by adjusting the power of the configured ES-SMs. The
ES-SMs reference power of each phase can be obtained as

Px =

n∑
i=1

Upv_xiIpv_xi +

n∑
i=1

UesI
∗
es_xj =

n∑
i=1

Ppv_xi +

n∑
i=1

P ∗
es_xj

⇔ P ∗
es_x =

Pac

3
− Ppv_x (16)

Fig. 15. Flowchart of the CES power management algorithm.

where Px = Pa = Pb = Pc = Pac/3; Pac is the grid power of
the CHB converter, the selection that is related to the proposed
HCHB-ER operation mode. There are two operating modes in
the proposed topology: 1) follow-up and 2) power scheduling.
In the follow-up model, the converter output power is the PV
output power in real time. In this model, the CES is only acting
as an intermediary power regulator without affecting the overall
SOC, and the grid power Pac is

Pac =
la + lb + lc

3
× PN

3
. (17)

In the power scheduling model, the ES-SMs reference power
is not only related to the degree of interphase power imbalance
but also closely related to the upper grid side scheduling, which
will have an impact on the SOC of CES. Therefore, there are
also two important constraints that should be considered in the
proposed HCHB-ER. The SOC constraint of the CES determines
whether the ES can operate over a long time, and the power
limit constraint of the ES-SMs determines whether the proposed
system can operate stably.

The flowchart of the CES power management algorithm is
shown in Fig. 15. It can be seen that the upper power scheduling
and interphase power balancing are achieved by controlling the
ES-SMs power. However, when the SOC of CES exceeds its
maximum (or maximum) range, the grid power should be reset
based on the PV output power to discharge (or charge) the CES
so that the SOC level remains desirable. Simultaneously, it is
imperative to ensure that the power reference of ES-SMs in every
phase complies with the intrapower regulation boundary, which
will be analyzed in detail in the subsequent section.

C. Intrapower Regulation for Imbalance Constraints

In the above analysis, the configured ES-SMs eliminate the
interphase power imbalanced of the CHB-PV, which requires
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bidirectional power transfer between the CES and the configured
ES-SMs. Under carrier phase shift sinusoidal pulsewidth modu-
lation (PWM), when power is transferred between different SMs
in the same phase with opposite polarity, the system operation
must satisfy three types of constraints: SMs voltage constraint,
converter output voltage constraint, and PV and ES SMs power
balance constraint. Failure to meet these requirements will result
in unstable system operation.

According to the proposed HCHB-ER topology shown in
Fig. 9, there are n + m SMs in one phase of the HCHB-ER and
K = m/n is used to denote the ratio of the number of ES-SMs
and PV-SMs.

1) SMs Voltage Constraint: For the first constraint, it is as-
sumed that the SM capacitor is large enough to suppress
the SM voltage double frequency ripple. The SM output
voltage is bipolar and the SM output voltage constraint of
PV-SMs and ES-SMs can be expressed as the following,
respectively: {|upv_xn(t)| ≤ n× Ucsm

|ues_xm(t)| ≤ m× Ucsm.
(18)

2) Converter Output Voltage Constraint: Since the instanta-
neous output voltage of all PV and ES SMs in one phase
together constitutes the instantaneous converter output
voltage, under the constraints of SMs output voltage, the
converter output voltage constraint should also be satisfied

uNx(t) = upv_xn(t) + ues_xm(t). (19)

3) SMs Power Balance Constraint: The last constraint is
the most important in three kinds of constraints. In the
following, the power balance constraints between PV and
ES SMs are analyzed from the perspective of topology
configuration. It is assumed that the conventional CHB-PV
converter has n SMs, which are connected to n distributed
PV areas, and the sum capacitor voltage of all SMs in one
phase is Udc = nUcsm. The number of m ES-SMs is added
to the original n PV-SMs, and the sum of the capacitor
voltage of all SMs in one phase is changed to Usum_dc =

(n + m)Ucsm = (1 + K)Udc.
When the power of PV panel and CES power is injected into

the SM through dc–dc converter, the average charging power
of the SM capacitor should be zero in line frequency period,
otherwise it will cause the SM capacitor voltage to deviate from
the reference voltage, resulting in unstable system operation.
Therefore, the input power of SMs from dc/dc converter and
output power to ac side should be balanced, and the constraint
can be obtained as

P inj
pv_xn =

1

Ts

∫ Ts
2

−Ts
2

upv_xn(t)ix(t)dt

︸ ︷︷ ︸
Ppv_xn

(20)

P inj
es_xm =

1

Ts

∫ Ts
2

−Ts
2

ues_xm(t)ix(t)dt

︸ ︷︷ ︸
Pes_xm

(21)

where Ts represents the line frequency period of the grid current,
Ppv_xn and Pes_xm (x represents a, b, and c) are the average
active output power of PV-SMs and ES-SMs, respectively, and
Ppv_xn

inj and Pes_xm
inj are the PV panel and CES average power

injected into the PV-SMs and ES-SMs.

D. Intrapower Regulation for Imbalance Boundary

In order to satisfy (20) and (21), it is necessary to ensure
that the maximum output power Ppv_xn

max of n PV-SMs is
greater than the PV panel injected power and the minimum (or
maximum) output power Pes_xm

min (or Pes_xm
max) of m ES-SMs

is greater than the CES charging power (or discharging). It
should be noted that when the configured ES-SMs output power,
it is equivalent to the role of the PV-SMs, which is the same
constraint as the PV-SMs. Thus, the power constraint is

Pmax
pv_xn ≥ P inj

pv_xn (22)∣∣Pmin
es_xm

∣∣ ≥ ∣∣P inj
es_xm

∣∣ . (23)

According to (22) and (23), it is necessary to solve the
maximum and minimum output power of PV-SMs and ES-SMs
in one phase. When the configured ES-SMs are used for power
supplement, it is the same constraint condition as the PV-SMs.
Therefore, this section takes phase-a as an example to discuss
the maximum and minimum power of the ES-SMs in detail.
To simplify the analysis, the influence of power factor angle ϕ
and filter inductance Lf is ignored, that is, the reactive power of
the converter Q = 0, and the output voltage and grid-connected
current of the converter are expressed as follows:{

uNa(t) = UNa cos(ωt) = gUsum_dc cos(ωt)
ia(t) = Ia cos(ωt)

(24)

where g is the converter output voltage modulation ratio and UNa

is the converter output voltage amplitude. After a certain number
of ES-SMs are configured in CHB converter, the power limit
analysis can be divided into two modes according to the modula-
tion ratio range of the HCHB-ER: Mode 1 (g>= 1/(1 + K)), the
converter works in high modulation ratio mode, which requires
the configured ES-SMs and PV-SMs to participate together to
achieve the converter output voltage, i.e., UNa> = Udc; Mode
2 (g < 1/(1 + K)), the converter works in low modulation ratio
mode, n PV-SMs can satisfy the modulation and ES-SM do not
need to participate in the modulation, i.e., UNa < Udc.

Fig. 16 shows the output voltage and current waveforms of
the converter in Mode 1, where the color of gray represents the
output voltage capabilities of ES-SMs, and the color of purple
represents the output voltage capability of PV-SMs.

In this section, the ES-SMs minimum power in Mode 1 is
taken as an example to analyze its power limit in detail. Due to
the symmetry of the grid current and converter output voltage,
the analysis only needs to be done in [–π, –π/2]:

Interval I [–π, ωt2): Grid current is negative and the output
voltage of ES-SMs is expected to be positive when analyzing
the Pes_am

min, i.e., the ES-SMs absorb energy from the grid
side. However, due to the converter output voltage constraints,
the ES-SMs must output negative voltage to meet the converter
output voltage requirement, i.e., ues_am

min(t) = uNa(t) + Udc.
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Fig. 16. Output voltage and current waveforms in Mode 1. (a) ES-SMs
minimum power. (b) ES-SMs maximum power.

Interval II [ωt2, ωt3): Grid current is negative and the output
voltage of ES-SMs is expected to be positive when analyzing
the Pes_am

min. However, due to the SMs voltage constraints, the
ES-SMs output voltage is ues_am

min(t) = KUdc.
After the analysis of the specific operating conditions, the

general theory of minimum and maximum power of ES-SMs is
derived. Since the SM output voltage is bipolar, when grid cur-
rent is positive (ix ≥ 0) and analyzes the Pes_xm

min, the ES-SMs
output voltage ues_xm is expected to output the maximum voltage
–KUdc. However, under the constraint of SMs output voltage and
converter output voltage, ues_xm cannot output the maximum
voltage that even needs to output a certain positive voltage to
meet the converter output voltage constraint. The principle for
ix < 0 is the same as ix ≥ 0

Pmin
es_xm =

1

Ts

∫ Ts
2

−Ts
2

umin
es_xm(t)ix(t)dt (25)

umin
es_xm =

{
max[−KUdc, uNx − Udc]
min[KUdc, uNx + Udc]

for
for

ix ≥ 0
ix < 0.

(26)

Similarly, the expression of Pes_xm
max can be derived as

follows:

Pmax
es_xm =

1

Ts

∫ Ts
2

−Ts
2

umax
es_xm(t)ix(t)dt (27)

umax
es_xm =

{
min[KUdc, uNx + Udc]
max[−KUdc, uNx − Udc]

for
for

ix ≥ 0
ix < 0

(28)

where ues_am
max is the maximum voltage of ES-SMs.

IV. ASSESSMENT OF POWER IMBALANCE REGULATION

CAPABILITY

A. State-of-the-Art Injection Methods

To determine the zero-sequence injection method with opti-
mal power balance capability, the PBF and PBS are utilized to
assess the converter power balance performance under various
zero-sequence injection methods as referenced in [24].

In Section II-B, lx has been defined as the PV generation
coefficient of each phase, with a value range between 0 to 1.
Therefore, taking the three-phase PV generation power coeffi-
cient la, lb, lc as the x, y, and z axes, the 3-D coordinates of
1 × 1 × 1 can be established. When la, lb, and lc are not equal,
the zero-sequence voltage is injected into the converter output
voltage, whose amplitude and phase are related to the degree
of interphase power imbalance. However, due to the dc-side
constraint, the converter output voltage should be less than the
sum of the sum of the available dc-side voltage

max {vNa, vNb, vNc} (la, lb, lc) ≤ nUcsm. (29)

All points that can be rebalanced by the injected zero-
sequence voltage components can form a 3-D space defined as
PBS, and the volume is called PBF

PBF =

∫ 1

0

∫ 1

0

∫ 1

0

F (la, lb, lc)dladlbdlc (30)

F (la, lb, lc) =

{
1, max {vNa, vNb, vNc} (la, lb, lc) ≤ nUcsm

0, max {vNa, vNb, vNc} (la, lb, lc) > nUcsm.

(31)

The larger the volume of PBS, the stronger the power bal-
ancing capability. In order to better compare the power balance
capability of different zero-sequence injection methods under
different working conditions, the work in [21] defines two more
generalized normalized parameters: the filter inductance Lf(p.u.)

and the voltage overrating ε

Lf(p.u.) =
2πfLfPN

3Vg
(32)

ε =
nUcsm√

2Vg

√
1 + L2

f(p.u.)

− 1 (33)

where (29) can be rewritten as follows:

max {vNa, vNb, vNc} (la, lb, lc) ≤
√
2Vg(ε+ 1)

√
1 + L2

f(p.u.).

(34)
The PBS and PBF of different injection methods in the case

of ε = 10% are shown in [21]. It can be seen from the figure
that the PBF of FFZSI is the weakest of 4%. RTHI and DTHI
improve the power balance capability of FFZSI to 15% after
the THI. OZSI has the best power balance capability, of which
PBF is 20%. Fig. 17 shows the PBF line chart of different
zero-sequence injection methods under the same ε and different
filter inductance Lf(p.u.) values, which indicate that the filter
inductance Lf(p.u.) has little influence on the PBF and can be
neglected.
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Fig. 17. PBF of different injection methods under the same ε = 10% and
different filter inductance Lf(p.u.).

Among all the zero-sequence voltage injection strategies,
FFZSI is the most fundamental and straightforward method to
implement. However, its PBF is relatively weak compared to
other injection methods. On the other hand, OZSI exhibits supe-
rior power balance capability among all injection techniques but
requires repeated calculation iterations when seeking optimal
phase angle, which poses a challenge for computing resources
and real time computing ability of the controller.

B. Proposed Hybrid CHB-ER

The proposed HCHB-ER, which integrates PV and ES into a
single converter, effectively eliminates interphase power imbal-
ances and facilitates upper-layer power scheduling. In this sec-
tion, the PBS of the proposed HCHB-ER topology is compared
with the existing injection method, and in the actual engineering
application, how to decide the ratio of PV and ES modules to
achieve the maximum power balance capability is analyzed in
the following.

The main power balance capability constraint of the zero-
sequence voltage injection methods is the dc-side voltage. How-
ever, the proposed HCHB-ER topology power balance capabil-
ity constraint is the maximum power absorbed or released by
ES-SMs, and the constraint expression can be derived as

Pmax
es_xm ≥ P inj

es_xm (35)

Pmin
es_xm ≤ P inj

es_xm. (36)

When analyzing the PBF and configuration ratio of the topol-
ogy proposed in this article, in order to make the conclusion
more general, a new definition K = m/n, which is the ratio of the
configured ES-SM and the PV-SM is added to ε. Based on the
above analysis of the maximum intrapower regulation boundary,
Fig. 18 shows the relationship diagram of ε, K, and Pes_xm

min

where the minimum power of the ES-SMs is standardized based
on the rated of each phase (Pac/3). Fig. 18(b) shows that when K
is fixed, the minimum value of Pes_xm

min first decreases and then
increases with the increase of ε. As shown in Fig. 18(c), when
ε is fixed, the maximum power of the ES modules Pes_xm

min in-
creases with the K, but when the ratio of ES and PV modules K=
0.4, the power of the ES-SMs reaches the minimum value about
0.68, and then the power of the ES-SMs decreases continuously
with the increase of K.

Fig. 18. Relationship diagram of ε, K, and Pes_xm
min. (a) 3-D view. (b) y–z

view. (c) x–z view. (d) x–y view.

To sum up, under different ε, the power regulation range of
the ES can be expanded by a reasonable selection of the ratio K
value. However, when the number of ES-SMs is too large, even
exceeding the PV-SMs (K > 1), some ES-SMs can no longer
provide power bidirectional regulation and can only be used for
power supplement due to power limit constraints. Therefore, the
interphase power balance capability can effectively improve by
configuring a small number of ES-SMs and keeping the value
of K within a reasonable range.

The PBS of the proposed topology is analyzed with PV
operating at ε= 10%, where the ratio K of ES and PV modules is
determined by the configuration constraints analyzed in Fig. 18.
Therefore, when the PV-SMs operate under the condition of ε
= 10% and the configuration factor K = 0.75 of the ES and
PV module, the ES-SMs interphase power regulation capability
reaches the maximum. Fig. 19 plots PBS and PBF of the pro-
posed topology under three different configurations of K= 0.25,
0.5, and 0.75. It can be seen from the figure that when K = 0.25,
the PBF is 20.14%, which is approximately equal to the PBF
of the OZSI. When K = 0.75, the maximum PBF is 45.85%,
whereas the maximum PBF is only 20% in all zero-sequence
voltage injection strategies. Compared with the zero-sequence
voltage injection strategies, the proposed HCHB-ER topology
significantly improves the PBS and PBF.

C. Comparison With Other ES Topology Schemes

In recent years, besides the zero-sequence voltage injection
methods, configuring ES modules in each PV SM can also
eliminate the imbalance power [29], [30], [31]. The decentral-
ized battery topology scheme can be divided into two types: a
single-stage type [29], as depicted in Fig. 20(a), and a two-stage
type [30], as shown in Fig. 20(b).

In order to further verify the effectiveness of the proposed
topology and centralized battery system, this article takes the
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Fig. 19. PBS and PBF of the HCHB-ER with different configuration K under ε = 10%. (a) K = 0.25. (b) K = 0.5. (c) K = 0.75.

Fig. 20. Existing two types decentralized of CHB-PV/ES. (a) Single-stage
type [29]. (b) Two-stage type [30].

TABLE II
DESIGN AND COMPARISON RESULTS OF THREE TYPES CHB-PV/ES SYSTEM

Zhangbei microgrid demonstration project based on PV/ES sys-
tem listed in Section I-B as an example to compare the proposed
topology and existing two systems in [29] and [30]. Zhangbei
project has a PV power of 40 MW and ES power/capacity of
10 MW/10 MWh.

Table II presents the design and comparison result, which
demonstrate that the proposed HCHB-ER exhibits remarkable
flexibility and does not require strict consistency with the num-
ber of PV modules. Although the distributed battery system
has similar power balancing capabilities with the proposed
HCHB-ER, the component count of ES converter in HCHB-ER
is significantly lower than the two types of distributed schemes.

More importantly, the proposed topology has no battery SOC
balancing challenge and no additional harmonic injection.

V. SIMULATION RESULTS

In order to verify the effectiveness of the proposed HCHB-
ER strategy and the correctness of the ES-SMs configuration
constraints and its PBS analysis, the simulation platform un-
der three different configurations K is established in PLECS,
where the number of PV-SMs in each CHB converter phase
remains consistent and the ES-SMs are arranged sequentially.
The corresponding down-scaled experimental platform was also
established, and parameters of both simulation and experiment
are presented in Table III.

The following three cases depicted in the simulation below
correspond to power coefficient points A–C, as indicated in
Fig. 19, under different configurations of K. Each coordinate
represents an unbalanced operating condition with progressively
increasing degree of phase imbalance.

A. Slight Interphase Power Imbalance (la = 0.7, lb = 1, lc =
1, K = 0.25)

Fig. 21 shows the simulation waveforms of slight interphase
power imbalance with K = 0.25. The simulation commences
in a steady state, with all PV-SMs operating under identical
rated conditions (S = 1000 W/m2 and T = 25 °C). The output
power of the CHB converter is evenly distributed, whereas the
ES-SMs remain inactive. After t = 0.6 s, the power coefficient
of the three-phase PV generation changing from rated condition
to point A, the irradiance of all PV-SMs in phase-a decreases
from 1000 to 700 W/m2, which corresponding power is 70%
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TABLE III
SIMULATION AND EXPERIMENT PARAMETER

Fig. 21. Simulation waveforms of slight interphase power imbalance with K
= 0.25.

of the peak power ignoring the effect of the loss caused by
dc–dc converter, whereas the irradiance of all PV-SMs in phases
b and c does not change. In the event of interphase power
imbalance, the ES-SMs are activated. The CES receives 20%
of phase-a power, whereas the ES-SMs in phases b and c absorb
a portion of PV power to charge the CES. After a brief system
adjustment, the grid current is restored to three-phase symmetry
and the total harmonic distortion (THD) meets the requirements
for grid current. At t = 0.9 s, the power coefficient transitions
from point A to point B, surpassing the PBS at K = 0.25.
Consequently, the CES desired power output cannot be achieved;

Fig. 22. Common-mode voltage waveforms of the proposed HCHB-ER under
unbalanced conditions.

Fig. 23. Simulation waveforms of moderate interphase power imbalance with
K = 0.5.

SMs capacitor voltage remains unbalanced; and grid-connected
current distortion becomes severe.

Fig. 22 shows the common-mode voltage of the proposed
HCHB-ER under unbalanced conditions. Compared with the
common-mode voltage of the zero-sequence voltage injection
methods, the proposed HCHB-ER does not change the common-
mode voltage during interphase power imbalance, and three-
phase current balance well, which is conducive to the smooth
operation of the system.

B. Moderate Interphase Power Imbalance (la = 0.4, lb =
0.85, lc = 0.85, K = 0.5)

Fig. 23 shows the simulation waveforms of moderate inter-
phase power imbalance with K= 0.5. Before t= 0.9 s, the power
coefficient point of the three-phase PV generation is A, and the
system operates stably. After t = 0.9 s, the power coefficient of
the three-phase PV generation changes from point A to point B
at which the irradiance of all PV-SMs in phase-a decrease from
700 to 400 W/m2 and the irradiance of all PV-SMs in the other
two phases decreases from 1000 to 850 W/m2. The interphase
imbalanced power is adjusted by the configured ES-SMs, which
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Fig. 24. Simulation waveforms of severe interphase power imbalance with K
= 0.75.

provide 30% power in phase-a and absorb 15% power in the other
two phases. After a brief system adjustment, the grid current
is restored to three-phase symmetry and the THD meets the
requirements for grid current. After t = 1.2 s, the PV power
coefficient transitions from point B to point C, surpassing the
PBS at K = 0.5. Consequently, the CES desired output power
exceeds the limit constraint; the SMs capacitor voltage remains
unbalanced; and grid-connected current distortion becomes
severe.

C. Severe Interphase Power Imbalance (la = 0.1, lb = 0.7, lc
= 0.7, K = 0.75)

Fig. 24 shows the simulation waveforms of severe interphase
power imbalance with K = 0.75. At t = 1.2 s, the irradiance
of all PV-SMs in phase-a decreases to 100 W/m2 and the irra-
diance of all PV-SMs in the other two phases decreases from
850 to 700 W/m2. The CES provides 30% power in phase-a
and absorbs 30% power in phases b and c. As can be seen
from Fig. 23, when K = 0.75, the system can well handle
most imbalanced conditions, no matter under slight or severe
interphase power imbalance. The results show that the voltage
of SMs capacitors remains balanced, the grid-connected current
waveform performs three-phase symmetry, and the THD meets
the grid-connected requirements.

D. Power Scheduling Response

Fig. 25 shows the simulation waveforms of power scheduling
response with K = 0.75. The simulation commences in a steady
state, with all PV-SMs operating under the same condition (S =
500 W/m2 and T= 25 °C), which is no power difference between

Fig. 25. Simulation waveforms of power scheduling response with K = 0.75.

Fig. 26. Experimental waveforms with K = 0.25 in (a) balanced operation
and (b) unbalanced operation.
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Fig. 27. Experimental waveforms with (a) K = 0.5 and (b) K = 0.75 in
unbalanced operation.

phases. The grid-tied power demand is half of the rated PV peak
power and the CES does not response. At t = 0.6 s, the grid-tied
power demand not changing, the irradiance of all PV-SMs in
phase-a rises from 500 to 700 W/m2 and the irradiance of all
PV-SMs in the other two phases also rises from 500 to 650
W/m2. The CES not only assures the interphase power balance
but also maintains the grid-tied power demand constant. The ES-
SMs absorb 20% power in phase-a and 10% power in the other
two phases. At t = 0.9 s, the grid-tied power demand changes
to 80% rated PV peak power, and the PV output power not
change. In response to the grid-tied scheduling requirement, the
CES adjusts ES-SMs in phase-a to release 10% power, and ES-
SMs in the other two phases to release 15% power. The results

Fig. 28. Experimental waveforms of power scheduling response with K =
0.75.

Fig. 29. Experimental waveforms of QAB.

show that the voltage of the SMs capacitor remains balanced,
the grid-connected current performs three-phase symmetry, and
the grid-tied power meets the upper scheduling in real time.

VI. EXPERIMENT RESULTS

Due to the limited laboratory conditions, this article sets up a
power down-scaled experimental platform under different con-
figurations for experimental verification, in which the number of
PV-SMs in each phase is always 4, and the number of ES-SMs
is increased in turn to verify the power balance capability of
the system under different configurations. In the experiment,
in order to simulate the PV power changes in different scenar-
ios, each PV-SM in phase-a is connected to the programmable
PV simulator, and the remaining PV-SMs in phases b and c
are interconnected with 40 V switching power supply. During
the experiment, the PV-SMs in phases b and c always output
200 W power. For the experimental platform control mech-
anism, TMS320F28377 is used as the master controller and
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TMS320F28335 is used as the slave controller of the CHB
converter, and the specific platform parameters are shown in
Table III.

A. Balanced Power Generation

Fig. 26(a) shows the experimental waveforms with K = 0.25
in balanced operation in which all PV-SMs operate under the
same nominal condition (S= 1000 W/m2 and T= 25 °C) and the
CES does not work. Each PV-SM injects 200 W power to the grid
and the interphase output power is balanced. The grid-connected
current tracks the grid voltage accurately, exhibiting three-phase
symmetry in both amplitude and phase. Meanwhile, the SMs
capacitor voltages are balanced and display double frequency
ripple with the same amplitude.

B. Unbalanced Power Generation

The following is the comparison of the power balanced ca-
pability under different configurations K when the PV output
power interphase is imbalanced:

Case 1: la = 0.7, lb = 1, lc = 1, K = 0.25.

Fig. 26(b) shows the experimental waveforms in Case 1,
which is to verify the capability of the proposed HCHB-ER
with K = 0.25 under slight interphase power imbalance, and
the irradiance of all PV simulators in phase-a decreases from
1000 to 700 W/m2. As shown in Fig. 26(b), when unbalanced
condition occurs, the ES-SMs provide 20% power in phase-a
to maintain the interphase power balanced and the grid current
performs three-phase symmetry.

Case 2: la = 0.4, lb = 1, lc = 1, K = 0.5.

In order to verify the capability of the proposed HCHB-ER
with K = 0.5 under moderate interphase power imbalance,
the irradiance of all PV simulators in phase-a is continuously
reduced from 700 to 400 W/m2, and the output power of phases b
and c is not changed. As shown in Fig. 26(b), when K= 0.25, the
ES-SMs exceed the power limitation that leads capacitor voltage
to deviate from the average and grid current distortion severely.
However, when K = 0.5, the ES-SMs can provide better power
adjustment range that avoids the power limitation. Therefore, as
shown in Fig. 27(a), the grid current still performs symmetry
and the capacitor voltage is well balanced.

Case 3: la = 0.1, lb = 1, lc = 1, K = 0.75.

In order to verify the capability of the proposed HCHB-ER
with K = 0.75 under severe interphase power imbalance, the ir-
radiance of all PV simulators in phase-a is continuously reduced
from 400 to 100 W/m2, and the output power of phases b and c is
not changed. As shown in Fig. 27(a), when K= 0.5, the capacitor
voltage deviates from the average, and the grid current distorts
seriously. However, when K= 0.75, the ES-SMs can provide the
best power adjustment range in three cases. As can be seen from
Fig. 28(b), when severe interphase power imbalance occurs, the
grid current still performs symmetry and capacitor voltage is
balanced well.

C. Power Scheduling Response

Fig. 28 shows the experimental waveforms of power schedul-
ing response with K = 0.75. At the initial stage, the irradiance
of all PV simulators in phase-a is 900 W/m2, and the irradiance
of all PV simulators in phases b and c is 1000 W/m2. The
grid side power demand is 70% of rated power but the PV
output power is greater than the power scheduling of the upper
grid-side. Consequently, the ES-SMs in phase-a absorb 20%
power and the ES-SM in the other two phases absorb 30% power.
In the event that the upper power scheduling on the grid-side
necessitates full system operation, it is incumbent upon the CES
to supply sufficient power to meet demand. Fig. 28 shows that
the proposed topology HCHB-ER can respond and track the
upper power scheduling at the grid side in real time, maintain
the interphase power balanced, and output the symmetrical
three-phase grid-connected current.

Fig. 29 shows the modulation waveforms of QAB. When the
upper grid-side requires system operating at power scheduling
model, the CES transfers power to the three-phase horizontal ES-
SMs of CHB through QAB. QAB adopts phase-shift modulation
methods that can transfer different power to the ES-SMs in three-
phase according to the imbalance degree of the interphase power
and power scheduling from the upper grid side.

VII. CONCLUSION

This article presents a novel approach to CHB-based energy
router hybrid PV and ES with a simple control strategy. The
interphase power balance can be implemented by a small number
of SMs interconnected with the CES. According to the imbal-
ance state of the three-phase PV output power and grid-side
power scheduling, the CES arbitrarily adjusts the ES-SMs to
absorb or supply power to balance the interphase power and
maintain the converter power stability. More importantly, under
the three constraints from the modulation level, the intraphase
power regulation boundary and the SM configuration ratios are
analyzed in the hybrid configuration topology, which provides
a security domain for the system stable operation.

The study of PBS of the proposed router with varying ratios of
PV and ES modules shows that it can be significantly improved
by integrating the ES inherent in the microgrids into the tradi-
tional CHB-PV, avoiding the appearance of overmodulation and
common-mode voltage rise caused by traditional zero-sequence
voltage injection methods. In addition, compared with the other
modular distributed battery systems, the proposed hybrid con-
figuration and CES system reduce the number of devices and
avoid the SOC balancing challenge.
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