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Abstract

The open-winding dual inverter topology has the advantages of a multilevel out-
put, high DC voltage utilization, large modulation freedom, and easy fault toler-
ance, and is widely used in photovoltaic grid-connected systems. The open-winding
photovoltaic—energy-storage converter system studied in this paper adopts this topology.
The system consists of photovoltaic and energy-storage units, and the two converters
can independently deliver active power to the grid when the DC-bus voltages on both
sides are balanced. To achieve active-power regulation and distribution between the pho-
tovoltaic side and the energy-storage side, this paper constructs a mathematical model
of the open-winding dual-inverter photovoltaic-energy-storage system and proposes a
power-allocation strategy for steady-state operation. Compared with the conventional
SPWM, the proposed strategy introduces a reference-voltage allocation layer before the
SPWM modules, enabling flexible power sharing while retaining the simple implemen-
tation of the conventional SPWM. The proposed strategy effectively guarantees the op-
erational stability and grid-connected power quality of the photovoltaic-energy-storage
converter. Finally, its feasibility and effectiveness are verified through simulation analysis
and experimental testing.

Keywords: dual inverter; DC bus voltage balancing; open-winding transformer; photovoltaic
power generation system

1. Introduction

With the continued advancement of the low-carbon energy transition, integrated
grid-connected photovoltaic—energy-storage systems have been widely developed and
applied [1]. As the power converter is a key interface in photovoltaic—energy-storage
systems, converter topology and control have become important research topics in grid-
connected applications [2,3].

Conventional two-level converters exhibit high grid-current harmonics and a large
dv/dt in high-power grid-connected photovoltaic—energy-storage applications [4]. In
contrast, the T-type three-level topology has two switches connected in reverse series
between the midpoint and the output [5]. The T-type three-level converter reduces the
voltage stress on the inner switches and provides an additional output-voltage level,
thereby reducing the dv/dt and the filtering requirement compared with a conventional
two-level converter [6]. However, is still difficult to promote the application of the T-type
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three-level topology due to the existence of the problem of the unbalanced voltage at the
midpoint, facing the high-level bus voltage and other working conditions [7]. In order
to improve the midpoint voltage imbalance problem, new multilevel topologies such as
the cascaded H-bridge (CHB) and modular multilevel converter (MMC) have attracted
attention in recent years. The cascaded H-bridge (CHB) converter avoids the capacitor
equalization problem fundamentally by virtue of the unitized series voltage divider [8].
However, it relies on bulky and costly multi-winding industrial frequency phase-shifter
transformers. The modular multilevel converter (MMC) structure is also more complex and
has a large number of components [9], but it is self-powered by a sub-module suspension
capacitor, which frees it from the constraints of a phase-shifter transformer and allows for a
bidirectional flow of energy [10]. However, MMC control is comparatively complex, and
the rapid variations in photovoltaic generation or the frequent charging/discharging of the
storage unit can increase the submodule-capacitor voltage fluctuations [11].

Against this background, the open-winding topology with unique structural features
has gradually become a research hotspot. This topology adopts two conventional two-level
converters connected to both ends of the primary winding of the transformer [12]. With
the appropriate modulation, the two inverters can synthesize an equivalent three-level
voltage waveform across the open-end winding. Compared with an MMC, the dual-
inverter open-end-winding topology can reduce the modulation and control complexity;
compared with some isolated CHB implementations, it can also reduce the reliance on
bulky phase-shifting transformers. In addition, it avoids the neutral-point balancing issue
inherent to neutral-point-based three-level converters [13]. In addition, a wider variety
of voltage vector combinations and switching combinations are available, significantly
increasing the degree of control freedom [14]. The open-winding topology, by virtue of its
advantages such as the high voltage utilization and ease of control, on the one hand, means
the application of this technology in new energy vehicles can improve energy utilization
efficiency [15]. On the other hand, photovoltaic—energy storage converters are widely used
in isolated islands and remote areas where there is sufficient light [16].

At present, the open-winding topology is mainly used in large-capacity grid-connected
photovoltaic projects with two power supply modes: the common DC bus or indepen-
dent DC bus [17,18]. For common-DC-bus systems, zero-sequence-current suppression
methods based on voltage-vector reselection have been proposed to suppress the circulat-
ing zero-sequence current while coordinating the active-power contributions of the two
inverters [19]. With isolated DC buses, variations in photovoltaic generation and battery
operating conditions may lead to unequal DC-link operating conditions and unbalanced
power availability. Existing studies have therefore introduced power-coordination or com-
pensation strategies to redistribute the inverter power contributions and maintain stable
grid-connected operation [20].

Combined with the above situation, this paper proposes a power allocation strategy
based on the voltage balance of the two buses. In the face of the energy shortage or excess
caused by extreme weather, the power allocation is carried out according to the appropriate
ratio, so as to realize the reasonable distribution of power between the two sides of PV and
energy storage.

2. Modelling and Voltage Space-Vector Analysis of the Open-End Winding
Photovoltaic—-Energy-Storage Converter

2.1. Topology of the Open-End Winding Photovoltaic—Energy-Storage Converter

The topology of the photovoltaic and storage converter system based on the open-
winding transformer connection is shown in Figure 1 (the photovoltaic panels and storage
batteries are equivalent to a DC power source with voltage V4.. The dashed boxes indicate

https:/ /doi.org/10.3390/en19174046


https://doi.org/10.3390/en19174046

Energies 2026, 19, 4046

30f18

the boundaries of VSI-1, VSI-2, and the transformer winding sections.). VSI-1 and VSI-2
denote the photovoltaic-side and energy-storage-side converters, respectively. The neutral
point of the transformer primary winding is open, and the two ends of each phase winding
are connected to the corresponding phase terminals of VSI-1 and VSI-2. C; and C; are the
DC-link capacitors of VSI-1 and VSI-2, respectively.
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. b
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Vdc2 : ) i

v Load-1

Figure 1. Model of open-end winding photovoltaic—energy storage converter.

The PV-side DC/DC converter employs the perturb-and-observe method to achieve
maximum power point tracking. The PV voltage and current are sampled to calculate the
output power, and the operating-voltage reference is adjusted according to the observed
power variation. When the PV power increases, the perturbation direction is maintained;
otherwise, it is reversed. The resulting maximum available PV power is provided to the
EMS for determining the PV-side power reference and the power-sharing coefficient.

In practical applications, the PV array and battery are connected to the two isolated
DC buses through a PV-side DC/DC converter and a bidirectional battery-side DC/DC
converter, respectively. The two DC/DC converters regulate V4.q and V4, to the same
rated reference. Therefore, the balanced DC-bus condition adopted in this paper refers
to the regulated DC-link voltages rather than the varying terminal voltages of the PV
array and battery. Small voltage deviations and parameter mismatches mainly reduce the
modulation margin and power-sharing accuracy. Stable operation can be maintained by
the current feedback controller within the linear modulation region, whereas the power-
sharing coefficient and total power reference should be limited when a large DC-link
voltage deviation occurs.

The transformer primary winding phase voltage can be expressed as follows:

Uala2 = Ualgl — Va2g2 + Uglg2
Ublb2 = Ublgl — Ub2g2 + Uglg2 1)
Uclc2 = Uclgl — Uc2g2 + Uglg2

where 0,161, Vpigls and vcg1 are the three-phase phase voltages of VSI-1, respectively;
similarly, vapg, Up1g2, and veogo are the three-phase phase voltages of VSI-2, respectively,
and V. is the common mode voltage. In this topology, the voltage vector Vi, acting
on the primary winding of the transformer is obtained by synthesizing the voltage vector

https:/ /doi.org/10.3390/en19174046


https://doi.org/10.3390/en19174046

Energies 2026, 19, 4046

40f18

Vet from the output of the photovoltaic converter and that from the output of the energy
storage converter, which is defined as follows:

2 27 4r
Viet = 3 (Ua1az + Upip2e 3 4 ve0€! 3 ) )

The three-phase currents iy (x = A, B, C) at the primary side of the transformer can be
expressed as follows:

in =1Icos(6 — ¢)
i = Icos(0 — ¢ —27/3) 3)
ic =Icos(0 — ¢ +2m/3)

where I denotes the current amplitude, 6 is the electrical angle, and ¢ is the power factor
angle. The reference voltage V (x = A, B, C) of the photovoltaic-energy storage inverter is

2
Va = <m> cos 6

Vo= (2% ) cos(e - ) @

expressed as follows:

The modulation index is defined as follows:

m=+/3

Vref

/(2Vae) ®)

In this paper, the i-j coding method is introduced to define the switching state of the
open-winding photovoltaic-energy storage converter system. i and j, with values ranging
from 0 to 7, represent the basic voltage vectors of the converter VSI-1 and VSI-2 outputs,
respectively. The correspondence between the converter power device turn-on and turn-off
states and the output basic voltage vector is shown in Table 1. If the current switching state
of the system is (1,4), then the switching state of the three-phase power device of VSI-1 is
(1,0,0); i.e., the upper bridge arm power device of phase A is on, and the lower bridge arm
power device is off, and the upper bridge arm power device of phases B and C is off, and
the lower bridge arm power device is on. The switching state of the three-phase power
device of VSI-2 is (0,1,1); i.e., the upper bridge arm power device of phase A is off, and the
lower bridge arm power device is on. The lower bridge arm power device of phase A is turned
off and the lower bridge arm power device is turned on, while the upper bridge arm power
device of phase B and C is turned on and the lower bridge arm power device is turned off.

Table 1. Switching state relationship between inverter and power devices.

Inverter Switching State Power Device Switching State Inverter Switching State Power Device Switching State
0 000 4 011
1 100 5 001
2 110 6 101
3 010 7 111

2.2. 180° Decoupled Modulation

In the open-winding photovoltaic storage converter system, the photovoltaic converter
and the energy storage converter can each output 8 switching states, corresponding to the
7 basic voltage vectors in the space vector diagram (shown in Figure 2), so the system has a
total of 82 = 64 switching state combinations, corresponding to the 19 basic voltage vectors
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in the space vector diagram (shown in Figure 3, where the numerical symbols 0, 1, 2, and 3
represent the basic vector magnitude; 0 represents a zero vector, 1 represents a small vector,
2 represents a medium vector, and 3 represents a large vector).

V3(010) V>(110) U;(010) U,(110)

V,(011) V,(100) U, 011) U,(100)

V5(001) Vs(101) Us(001) U,(101)
(a) (b)

Figure 2. Inverter voltage vector space diagrams: (a) VSI-1; (b) VSI-2.

Figure 3. Voltage vector space diagram of the dual inverter. The red, blue, and yellow arrows
represent Vies, VRrer and Vi o, respectively.

In order to reduce the complexity of the modulation algorithm, this paper adopts the
space voltage vector modulation method based on 180° decoupling. The core idea of this
method is to decompose the total reference voltage vector V¢ into two sub-reference voltage
vectors Viep and Viep, which are modulo equal and 180° different from each other, that is,

1
Vrefl = EVref
) ®)
VrefZ = _EVref

For two inverters with identical ratings and balanced DC-link voltages, minimizing
max{x, 1—a} gives a« = 0.5. Thus, both inverters have the same modulation index and the
maximum linear modulation margin. Equation (6) represents this balanced operating point,
while Section 3.3 generalizes the allocation factor from 0.5 to k for flexible power sharing.

Compared with the 120° decoupling modulation method, the 180° decoupling mod-
ulation method enables the synthetic reference voltage vector of the system to reach any
position in the space vector diagram shown in Figure 3, which effectively improves the DC
bus voltage utilization. And the common mode voltage generated by the PV converter and
the energy storage converter cancels each other, which can reduce the conduction EMI at
the switching frequency multiplier, and reduce the size and cost of the filter. Moreover,
the switching losses of the two converters are the same, so there is no need for a separate
heat dissipation design. Compared with the coupled modulation method, both converters
can be modulated by the standard two-level modulation method without a complex vector
synthesis and solution, and the modulation method is simple.
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For switching states i and j of VSI-1 and VSI-2, respectively, the resultant voltage vector
applied to the open winding is expressed as V;; = V; — V;. Therefore, the two inverters
provide 64 switching-state combinations. Owing to vector redundancy, these combinations
correspond to 19 distinct voltage-vector positions. The resultant vector plane is divided
into six main sectors, denoted as Sector I-Sector VI, with each sector spanning 60°. After
the 180° decomposition, the two sub-reference vectors are synthesized independently using
the adjacent active vectors and zero vectors of the corresponding sectors.

Taking Sector I as an example, when V¢ is located between V[100] and V,[110],
these two adjacent active vectors and the zero vectors V([000] and V;[111] are selected.
Under the 180° decomposition, V.., is located in the opposite Sector IV and is synthesized
using U4[011], U5[001], and the corresponding zero vectors. The dwell times are calcu-
lated according to the volt-second balance principle. Symmetrical switching sequences,
such as 000—100—110—111—110—100—000 for VSI-1, are employed to reduce switching
transitions and waveform distortion. Therefore, the proposed decoupled modulation trans-
forms the switching-state selection of the dual inverter into two independent conventional
two-level SPWM processes.

3. Control Design of an Open-Winding Photovoltaic-Energy Storage Converter
3.1. Current Inner Loop Closed-Loop Control Design

In the open-end-winding topology, VSI-1 and VSI-2 are connected in series through
the transformer primary winding and, therefore, carry the same phase current. In order
to achieve a stable grid connection and subsequent energy scheduling of the system, this
common current has to be accurately controlled in a closed-loop manner.

The control system is formulated in the synchronous dq reference frame. The grid-side
reactive power is limited to zero, so the g-axis reference command for current control
is directly set to zero (iq = 0), and the core of the control system is thus reduced to the
univariate static-free tracking of the d-axis active current component iy. In the control
implementation, the system firstly obtains the grid voltage phase 6pr 1, through the phase-
locked loop (PLL), and then converts the collected three-phase AC currents into the d-axis
current feedback quantity iy by using the coordinate transformation.

Under grid-voltage-oriented control, uq = 0, and the active and reactive powers can be
expressed as P = 3ugiq/2 and Q = —3ugqiq/2, respectively. Therefore, the d-axis and g-axis
currents independently regulate the active and reactive powers. In this study, i* q is set to
zero to achieve unity-power-factor operation. When reactive-power support is required,
i* q can be generated by an additional reactive-power outer loop, while the active-power
allocation coefficient k remains unchanged.

The active current command i4*, which is converted from the global active power
demand of the system, is compared with the feedback iy, and the error is sent to the
proportional-integral (PI) regulator. In order to improve the system’s immunity to grid
voltage disturbances and dynamic response speed, the d-axis component u4 of the grid
voltage is introduced as feedforward compensation. The simplified d-axis current inner-
loop control equation can be expressed as follows:

Ug_yef = Uq + (Kp + ;) (i3 —1a) 7)

g _ref is the d-axis component of the synthetic reference voltage output from the current
regulator, and K}, and K; are the proportional and integral gains of the PI controller. The
U4 _ref can be equivalently synthesized into the total reference voltage vector V¢ required
by the system after inverse coordinate transformation. The block diagram of the current
closed-loop control structure is shown in Figure 4.
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Figure 4. Block diagram of current closed-loop control structure.

3.2. Active Power Representation of the Open-Winding Photovoltaic—Energy Storage Converter
System

In the open-winding topology, the currents flowing through the two inverters are
equal. In order to clearly represent the energy flow of the system, a d-q synchronous
rotating coordinate system is established and the grid voltage is accurately orientated to the
d-axis (uq = 0). Under unity-power-factor operation, the g-axis component of the grid-side
current is controlled to zero (iq = 0). At this time, the total active power P output from the
system to the grid can be simplified and expressed as follows:

pP= gudid (8)
where 14 is the d-axis component of the transformer primary synthesized voltage and i is
the d-axis component of the primary common current.

Since the synthesized voltage is applied jointly by the two inverters (ugq = ugq1 — Uq2),
it is possible to decouple the total active power into the active power components borne by
each of VSI-1 and VSI-2 as follows:

3 .
P = 5 Udild

3 9
P, = 5(—%12)101

From the above equations, because VSI-1 and VSI-2 share the common current iy, the
independent adjustment of P and P, must be achieved by regulating the corresponding
d-axis voltage components 141 and 4.

Equation (9) describes the fundamental-frequency average active power under bal-
anced sinusoidal operating conditions and iq = 0. When a reactive current is present, the
power contributions are Py = 1.5(uq1igq + Uq1iq) and Py = 1.5(uqzig + uqiq)- Because the
complete reference voltage vectors are allocated by k, the fundamental active-power sharing
relationship remains applicable when ig # 0, provided that both converters operate in the
linear modulation region. Harmonic currents introduce additional power oscillations and
may cause small power-sharing errors; these harmonic components are not included in the
fundamental model of Equation (9).

3.3. Power Decoupling Control Based on Vector Allocation

In an open-winding photovoltaic storage inverter system powered by an isolated equal
DC source, the coupling characteristics of the grid-side currents require the system to have a
precise scheduling capability for the active power flow. For this reason, a power distribution
factor k is introduced in the control architecture to reconstruct the total reference voltage
vector Vi of the system. The reference voltage vectors of the two inverters are defined

{ Vrefl = k'Vref (10)

as follows:

Vref2 = _(1 - k) Vref
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It is mapped onto the d-axis voltage component of the synchronous rotating coordinate
system, i.e., g1 = kuq and ugy = — (1 — k)ugq. Substituting these expressions into the active
power equation under the unit power factor, the output power of the two converters can be

P, = k-P
{ Py = (1—k)-P (1)

obtained as follows:

Based on the above power allocation mathematical model, conditions of the open-
winding photovoltaic storage system are determined by dynamically adjusting the control
variable k:

Case 1: The PV converter and the storage converter transmit power to the grid
simultaneously (0 < k < 1). When the system is in the grid-connected state, the variable k is
set between 0 and 1. In this case, both P; and P; are positive, and the two converters jointly
output active power to the grid. In the equilibrium condition (k = 0.5), the PV side and the
storage side share the total power demand equally (P; = P, = 0.5P).

Case 2: The PV converter transmits power to the grid while charging the storage
battery (k > 1). When the PV converter outputs power, and its output power is greater than
the grid-side active demand (i.e., P; > P), the system adjusts the distribution coefficient so
that it crosses the critical point (k > 1). At this point, P, = (1 — k)P < 0. In this case, VSI-1
(PV side) continues to output power outward, while VSI-2 (storage side) absorbs power by
virtue of the reconfigured reverse voltage vector, and feeds back the excess active power
from the PV side to the storage battery through the transformer primary side.

3.4. Control Block Diagram and Core Control Flow of Photovoltaic—Energy Storage and
Converter System

Based on the above control process, a block diagram of the control structure of the
open-winding photovoltaic—energy storage converter system can be established, as shown
in Figure 5. The total active-power command P* is used as the outer-loop reference.
The three-phase grid voltages and currents are measured at the point of connection and
transformed using the PLL angle to obtain the active-power feedback P and the dq current
components. Under the unit power factor condition (iq* = 0, iq = 0), the power outer loop
generates the active current of the inner loop through the PI regulator for the given iy*.
Eq— oLi,

i X Vet . Videet ""l‘. — Siﬂl
Vigret —» SPWM ——S,,
—>

Fgef S v ><
—P oY m ++ g abc — S
— [ +¢J
fa E,— oL,

VRdref ViReet — S

Ly >(dq ;

Veget o —» SPWM —> S,

- g M > ~abcl_, g

k k—1 wt +(/JJ ©
— Ed

power [¢—
calculation [«*—

Figure 5. Photovoltaic-energy storage converter control block diagram.

This current command is transferred to the inner current loop, and the difference
with the feedback quantity iq is made through the PI regulator, and the grid voltage d-axis
feed-forward quantity u4 is superimposed to suppress the fluctuation of the grid on the
network side, and then the system synthetic reference voltage vector V. is obtained.

Finally, the decoupling allocation module introduces the value of k, decouples the
reference voltage vector V.. by 180°, generates the PV converter reference voltage Ve
and the energy storage converter reference voltage V.., respectively, and then generates
the converter power device driving pulses through the SPWM module.
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The power-sharing coefficient k is generated by the upper-level Energy Management
System (EMS), rather than directly by the MPPT or battery SOC controller. The EMS
determines the reference powers of the PV and storage converters according to the total
grid power command, available PV power obtained from MPPT, and battery SOC and
power limits. Accordingly, k is calculated as k = P*1/P", withP*2=P" — P* 1. Itis updated
periodically by the EMS at a slower rate than the converter current control loop.

The upper-level EMS adopts a PV-priority dispatch rule. At each EMS update instant,
the available PV power Ppyay is compared with the total grid-power command P*. When
Ppyav < P* and battery discharging is permitted, the PV-side reference is set as P = Ppy,av,
and the storage unit supplies the remaining power. When the available PV power exceeds
P” and battery charging is permitted, the surplus PV power is transferred to the storage unit
within its charging-power and SOC limits. Otherwise, the surplus PV power is curtailed.

After Pf" is determined, the storage-side reference and allocation coefficient are cal-
culated as P; = P — P and k = P} /P, respectively. All references are limited by the
converter power ratings and the modulation boundary derived in Section 4. If the available
PV power and allowable battery-discharge power are insufficient, the EMS reduces the
total grid-power reference to a feasible value.

The grid phase angle 0py, is extracted from the sampled three-phase grid voltage
by the phase-locked loop and is used for both the abc-dq and dg—abc coordinate trans-
formations. The PI gains are designed using pole-zero cancellation for the equivalent RL
plant, with K; /Ky, = R/L. For the selected current-loop bandwidth of fc = 500 Hz, the gains
are calculated as K}, = 2nifcL and K; = 27ifcR. Substituting L and R gives K}, = 9.425 and
K; = 157.08. The resulting gain crossover frequency is approximately 500 Hz, and the phase
margin is approximately 63°.

4. Power Boundary Analysis of Open-Winding Photovoltaic-Energy
Storage Converters

4.1. Voltage Constraints in the Linear Modulation Region of the Inverter

In the actual operation of the open-winding photovoltaic-energy storage converter
system, the selection of the power distribution coefficient k is not arbitrary, but is subject to
the strict constraints of the physical parameters of the system. To avoid overmodulation,
the voltage-modulation and power-transfer boundaries must be determined.

The maximum phase voltage fundamental amplitude Vmax that the PV converter
VSI-1 and the storage converter VSI-2 can output within the linear modulation region is
constrained to be as follows:

Vinax = % (12)

Under the steady-state grid-connected condition, the total synthetic reference voltage
vector magnitude at the primary side of the transformer is approximately equal to the
peak grid phase voltage Vy, if the small voltage drop of the filter inductor is neglected.
According to the space vector linear decoupling law derived in the previous section, the
voltage vector magnitudes assigned to the two inverters are as follows:

[Viett| = KVin (13)
Viega| =1 — k| Vi

In order to ensure that the two machines operate simultaneously in the linear modulation
zone, the following set of absolute value inequality equations must be satisfied simultaneously:
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kv, < Ve
V3 14
v, (14)
11— k|- Vi < ==

R
4.2. Power Distribution and Regulation of Distribution Coefficients

The range of values of the power distribution factor k is influenced by both the DC
bus voltage of the converter as well as the modulation index m. The output voltage vector
magnitudes of the PV converter and the storage converter are as follows:

2V4e

Vrefl = (1 - k)m
V3 15)

2V

V3

In order to ensure that the system does not overmodulate, the reference voltage

Viep = km

amplitude of both inverters needs to be less than Vax. Bringing the above equation into
the maximum voltage limiting condition yields the following;:

2Vdc Vdc
om=—= < L5
‘ V317 V3 (16)
‘(1—k)m2vdc Vac
V317 V3

Let the total regime m of the system be in the range [0, 1], and, when the system
is in different regimes m, by simplifying the above inequality, the boundary of k can be

determined as follows:
1 1

1——<k<— 17
2m — T 2m A7)
According to this boundary condition, the relationship between the system regulation
system m and the power distribution coefficient k can be obtained, as shown in Figure 6.
Since the PV converter and the storage converter DC bus voltage is equal, the graph

presents completely symmetrical characteristics.

k
I I | I
| | | | k max
I I \ I .
| \ — —k min
20 | : } : feasible region
I I [ I
I I | I
I I \ I
I I \ I
Lol | *Pl (0.5, 1.0) i |
I I | I
P3 (1.0, 0.5)
I I 0 >
05 —————— r——T——- o - —== —g — = ——————-
I I _ - I
N I P A N A
| “P2(05,0 |
I s I \ I
(7 I \ I
Iy I \ I
I I \ I
10— (A [ (I b
/I | I I
I I \ I
& | 1 '. m
0.5 1.0

Figure 6. Photovoltaic—energy storage converter m vs. k.

For different values of the governing system m and the distribution coefficient k, the
specific operating conditions of the system are as follows:

When 0 <m < 0.5, the value range of the distribution coefficient k can cover the region
of k <0and k > 1. At this time, the two converters can realize the bidirectional flow of energy
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between the two converters. For example, when k > 1, the photovoltaic side charges for the
energy storage side, and, when k < 0, the energy flows from the energy storage side to the
photovoltaic side (due to the physical constraints, this condition does not exist in practice).

When 0.5 < m < 1, the value of k is strictly limited to the interval (0,1). At this time,
both inverters must output positive active power, and both of them are in the mode of
supplying power to the grid.

When the output voltage reaches the maximum, m =1 and k = 0.5. The two converters
share the total active power equally and the power-sharing ratio is no longer adjustable.

Before experimental validation, the proposed system is compared with conventional
photovoltaic—energy-storage systems, as shown in Table 2. The proposed open-winding
system provides an equivalent three-level output and utilizes the sum of the two DC-
link voltages. Under isolated DC-source conditions, no circulating-current path exists.
Moreover, active power is directly distributed through the allocation coefficient k, instead
of DC-bus voltage regulation or droop/MPC-based power sharing. Unlike droop- or
DC-bus-voltage-based power sharing, the proposed method directly allocates the reference-
voltage vector through k without introducing an additional power-sharing control loop. It
also avoids the online prediction and optimization required by MPC.

Table 2. Comparison of typical PV-energy-storage systems.

Item Common DC-Bus System Common AC-Bus System Proposed Open-Winding System
Output voltage levels Two-level Two-level Equivalent three-level
Effective DC voltage Ve Ve 2V 4e
Circulating current Absent Possible Absent
Power sharing DC-bus regulation Droop/MPC Allocation coefficient k

5. Experimental Validation and Analysis of Result

In order to verify the correctness and effectiveness of the power allocation strategy of
the open-winding photovoltaic—energy storage converter system proposed in this paper,
an RT-lab based experimental platform was built for testing. The experimental parameters
are given in Table 3.

Table 3. Main implementation parameters of the system.

Parameters Unit Value

10k
10k
1
380/380
50

Switching Frequency Hz
Sampling Frequency Hz
Dead Time us
Transformer Rated Voltage \Y%
Transformer Rated Frequency Hz
Equivalent Series Inductance mH 3
Equivalent Series Resistance Q 0.05
DC-link Capacitors uF 3300
DC-link Voltages \Y% 1200
PV Array Nominal Voltage \% 600-900
Battery Nominal Voltage \% 1000-1300
PV-Side DC/DC Input/Output Voltage \% 600-900/1200
Battery-Side DC/DC Input/Output Voltage \% 1000-1300/1200
PV-Side DC/DC Rated Power kW 40
Battery-Side DC/DC Rated Power kW 25

The experiments focus on the dynamic power allocation between the photovoltaic
and energy-storage sides by adjusting the power-sharing coefficient k while maintaining
the total grid-connected active power Py, essentially constant. Figures 7-9 present the
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experimental waveforms under different operating conditions. The recorded quantities

include the photovoltaic-side active power P, energy-storage-side active power P, total

grid-connected active power Py,), phase-A output voltages of the two converters vysy.1 A

and vysyp A, differentially synthesized phase-A voltage of the open-end winding trans-

former vy, grid-side phase-A current i, battery state of charge (SOC), and battery current

ipat- In addition, an FFT analysis is performed on v4, and the corresponding voltage and

current THD values are provided to quantitatively evaluate the grid-connected power

quality during the power redistribution.
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Figure 7. Photovoltaic—energy storage co-discharge condition (0 <k < 1).
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Figure 8. Photovoltaic discharge and storage inoperative conditions.
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Figure 9. Photovoltaic full-load discharge energy storage and absorption working conditions.

5.1. Simultaneous Power Output from PV Converter and Storage Converter (0 <k < 1)

Figure 7 shows the experimental waveforms when the photovoltaic converter and

the energy-storage converter simultaneously deliver active power to the grid. Initially,
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the power-sharing coefficient is k = 0; the photovoltaic-side converter output power P,
is close to zero, while the energy-storage side supplies most of the system active power,
with the total grid-connected active power Py, remaining near 23.112 kW. Subsequently,
k is adjusted from 0 to 0.5. P; increases smoothly while P, decreases synchronously.
Throughout the power redistribution process, Py, remains essentially constant, indicating
that the variation in the power-sharing coefficient primarily reconstructs the internal active-
power contribution between the two converters without causing an appreciable fluctuation
in the total grid-side active power.

After the system reaches a steady state at k = 0.5, the measured powers are
Py =11.600 kW and P, = 11.512 kW, satisfying P; + Pp = 23.112 kW = Pja1. According to
the equal-power-sharing relationship at k = 0.5, the ideal reference power for each side is
11.556 kW. Therefore, the steady-state errors of VSI-1 and VSI-2 relative to the equal-sharing
reference are approximately +0.38% and —0.38%, respectively. From the power transition
shown in Figure 7, the dynamic redistribution time after k is changed from 0 to 0.5 is approx-
imately 60 ms. Because the powers shown in the figure are active-power values averaged
over a fundamental-frequency cycle, the steady-state percentage error is used to character-
ize power-sharing accuracy, rather than defining an additional RMS power-tracking error.
The experimental results demonstrate that the proposed vector-allocation method achieves
continuous, stable, and high-accuracy active-power sharing within 0 <k < 1.

From the AC-side voltage waveforms, the power redistribution is accompanied by the
reconstruction of the amplitudes and waveforms of the two converter terminal voltages.
At k = 0, the THDs of vysy1 A, Uvsi2,a, and the synthesized voltage va are 14.82%, 2.34%,
and 2.81%, respectively. At k = 0.5, the corresponding THDs are 14.62%, 2.36%, and 2.80%.
Although the harmonic contents of the two converter terminal voltages vary with the power-
sharing ratio, the THD of v changes only from 2.81% to 2.80%. The FFT results at the bottom
of Figure 7 agree with these measurements, indicating that the quality of the differentially
synthesized voltage at the open-end winding terminals is essentially unaffected by the change
in power allocation during the reconstruction of the two reference voltage vectors.

The grid-side phase-A current i4 maintains a continuous, nearly sinusoidal waveform
before and after the transition, with a steady-state THD of approximately 2.81%; no evident
low-frequency oscillation or abrupt change is observed. The battery SOC decreases contin-
uously from its initial value of 30%, indicating that the battery remains in the discharging
state under this operating condition. As P, decreases from supplying most of the system
power to 11.512 kW, the magnitude of the battery current i,,; decreases accordingly and
settles to a new steady state, reflecting the corresponding reduction in the discharge power
supplied by the energy-storage side.

In addition, the system efficiency was measured at the steady-state operating point of
k = 0.5. The conversion efficiencies of VSI-1 and VSI-2 are 98.03% and 98.04%, respectively,
the efficiency of the open-end winding transformer is approximately 97.72%, and the overall
system efficiency is 95.80%. These results show that the proposed power-sharing strategy
maintains a high energy-conversion efficiency while achieving nearly equal active-power
sharing between the two sides.

5.2. The PV Converter Outputs Power to the Grid Alone

To emulate an operating scenario with sufficient solar irradiance in which the photovoltaic
side gradually assumes the grid-side power demand, Figure 8 presents the experimental
results as the power-sharing coefficient increases from k = 0.5 to k = 1. During the experi-
ment, the total grid-connected active power Py, remains close to 23.150 kW. As k increases,
the photovoltaic-side output power P; continuously rises, whereas the energy-storage-side
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power P, continuously decreases, and the system gradually transitions from a coordinated
photovoltaic-energy-storage power supply to a photovoltaic-dominated operating state.

Near the steady-state operating point of k = 1, the measured values are P; = 24.513 kW
and P, = —1.462 kW. Their sum is 23.051 kW, yielding a residual of 99 W relative to
Piotal = 23.150 kW, which corresponds to only 0.43% of the total power. This result indicates
that the practical k = 1 operating point lies close to the power-flow boundary at which the
energy-storage side changes from forward discharge to reverse power absorption. Owing
to non-ideal factors such as device losses, the power-measurement chain, and fundamental-
cycle averaging, the measured P, is not exactly zero. Nevertheless, its magnitude is
substantially smaller than the total system power; therefore, this condition can be regarded
as a near-standby boundary operating point of the energy-storage side.

In terms of voltage quality, at k = 0.5, the THDs of vysr.1 A, Uvsr2,a, and v are 5.12%,
4.85%, and 2.82%, respectively. After the transition to k = 1, the corresponding THDs are
5.14%, 4.89%, and 2.85%, representing changes of only 0.02, 0.04, and 0.03 percentage points,
respectively. The corresponding FFT results show that the THD of v, increases only slightly
from 2.82% to 2.85% and remains at a low level. Although the terminal-voltage amplitudes and
power-sharing ratios of the two converters change appreciably, the differentially synthesized
v retains a good sinusoidal quality, demonstrating that the 180° decoupled modulation can
maintain a stable synthesized-voltage quality near the power-flow boundary.

The grid current iy remains continuous throughout the transition, with a steady-
state THD of approximately 2.82%, and no evident current oscillation is observed. The
initial battery SOC is approximately 30%. As P; gradually decreases, the battery current
ipat decreases synchronously and approaches zero, while the SOC remains essentially
around its initial value over the relatively short observation interval. Because the front-
end bidirectional DC/DC converter on the VSI-2 side continuously regulates the DC-bus
voltage, its DC bus remains stable at 1200 V. Therefore, even when the energy-storage
side approaches the standby boundary, the system maintains stable grid-connected active
power and good AC-side waveform quality.

5.3. PV Full-Load Discharge Energy Storage and Absorption Conditions (k > 1)

To further verify the reverse power absorption by the energy-storage side and bidirec-
tional energy transfer in the k > 1 region, Figure 9 presents the experimental results when
the power-sharing coefficient is changed from k =1 to k = 1.6. During the transition, the total
grid-connected active power Py, remains close to 22.975 kW, the photovoltaic-side power P;
increases further from a level close to the total grid-connected power, and the energy-storage-
side power P, continues to move in the negative direction. After the system reaches a steady
state at k = 1.6, the measured values are P; = 36.000 kW and P, = —13.025 kW, satisfying P; +
Py =22.975 kW = Pyya1. Thus, of the 36.000 kW active power generated on the photovoltaic
side, 22.975 kW is delivered to the grid and the remaining 13.025 kW is transferred through
the open-end winding transformer and the energy-storage-side converter to the storage unit,
thereby realizing simultaneous photovoltaic grid feeding and battery charging.

From the measured steady-state powers, P/ Piota = 1.5669 and Py / Pyoq = —0.5669,
corresponding to a measured equivalent power-sharing coefficient of approximately
keq = 1.567. Compared with the commanded value k = 1.6, the equivalent-coefficient de-
viation is approximately 0.033. According to the ideal power-sharing relationship, the
reference powers at k = 1.6 are P1* = 36.760 kW and P,* = —13.785 kW. Although a fi-
nite steady-state deviation exists between the commanded coefficient and the measured
equivalent power ratio, the sum of the measured powers on the two sides remains ex-
actly consistent with Py.,), demonstrating that the practical system correctly realizes the
power-direction reversal and energy redistribution for k > 1.
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The voltage-harmonic results further demonstrate the differential-synthesis characteristic
of the open-end winding topology. At k = 1, the THDs of vyg.1 A, Uvsr-2,4, and v, are 2.41%,
13.82%, and 2.82%, respectively. After the transition to k = 1.6, the corresponding THDs are
2.43%, 13.79%, and 2.83%. The terminal-voltage THD of one converter remains approximately
13.8%, whereas the THD of the synthesized voltage v4 changes by only 0.01 percentage points,
from 2.82% to 2.83%. The FFT results at the bottom of Figure 9 agree with the annotations in the
main waveforms, indicating that, even under a highly asymmetric power-sharing condition,
the relatively high harmonic content of an individual converter terminal voltage is not directly
transferred to the differentially synthesized voltage of the open-end winding transformer.

The grid-side current ip remains nearly sinusoidal throughout the transition from
k =1 to 1.6, with a steady-state THD of approximately 2.82%, and no evident low-frequency
oscillation is observed. The initial battery SOC is 80%. After P, stabilizes at —13.025 kW,
the battery charging current is approximately 203.7 A, the SOC exhibits a continuous
increasing trend, and #,,; changes toward the charging direction before reaching a steady
state, consistent with the direction of active-power absorption by the energy-storage side.
This result demonstrates that, even with approximately 13.025 kW of reverse power transfer
inside the system, the total grid-connected power remains stable at 22.975 kW, thereby
achieving bidirectional energy flow without an additional power-conversion branch.

Considering the power-quality measurements in Figures 7-9 as a whole, the THD of the
open-end winding differentially synthesized voltage v remains within 2.80-2.85% under the
different power-sharing conditions, while the THD of the grid current i5 is approximately
2.81-2.82%. The measured voltage distortion is below the 5% voltage-distortion limit specified
by IEEE 519 for points of common coupling below 69 kV. Under the rated-current test
conditions adopted in this study, the current THD can be used as an approximate indicator of
total demand distortion and is likewise below 5%. Therefore, the proposed power-sharing
strategy maintains a good grid-connected power quality while enabling continuous power
regulation and the reversal of the energy-storage-side power direction.

To evaluate the effect of unequal DC-link voltages, an additional experiment was
conducted at k = 0.5, as shown in Figure 10. When the VSI-1 DC-link voltage decreased
from 1200 V to 1150 V while the VSI-2 DC-link voltage remained at 1200 V, the power-
sharing errors were approximately —2.05% and +2.05%. Nevertheless, the total grid-
connected power remained stable at approximately 23.796 kW, and the synthesized-voltage
THD remained approximately 2.17%. These results demonstrate that the proposed strategy
remains effective under a DC-link voltage mismatch within 5%, provided that both inverters
operate in the linear modulation region.
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Figure 10. Experimental results under unequal DC-link voltages at k = 0.5.
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6. Conclusions

In this paper, a control strategy based on the 180° decoupling of space voltage
vectors and flexible active power allocation is proposed for the open-end winding
photovoltaic—energy storage grid-connected converter system under the DC bus voltage
balancing condition, and its steady-state characteristics and dynamic reconstruction process
are verified by the RT-lab experimental platform. The following conclusions are drawn:

(1) The simplified modulation algorithm. The 180° decoupled modulation strategy is
adopted to downscale the complex three-level modulation to two independent con-
ventional two-level modulations. The method circumvents the midpoint potential
imbalance problem of the conventional three-level topology, and doubles the equiva-
lent fundamental phase voltage amplitude under the physical constraint of equal DC
sources on both sides to improve the DC bus voltage utilization compared with the
conventional single-inverter system.

(2) Power decoupling and bi-directional flow without additional hardware are realized.
By introducing and dynamically adjusting the power allocation coefficient k, the
reference voltage vectors of the bilateral converter are reconstructed, and the active
power allocation between the PV side and the storage side is achieved. The system
is capable of switching between PV and storage co-discharge (0 < k < 1), one-side
standby (k = 1), and PV full-load discharge and storage absorption (k > 1), solving the
problem of PV excess energy and other energy flow problems under extreme weather.

(38) Guaranteeing good grid-connected power quality. The experimental results show that
the transformer primary synthesized voltage remains constant when more than 10 kW
of large-capacity active power flows through the system. The grid-side phase currents
remain nearly sinusoidal, with no evident low-frequency oscillation observed in the
reported waveforms. The proposed control strategy ensures effective energy allocation
within the photovoltaic—energy-storage system while maintaining the power quality
at the grid connection point.

(4) The main contribution over conventional SPWM is the introduction of an adjustable
reference-vector allocation layer before the two SPWM modules. This approach retains
the simple modulation process of conventional two-level inverters while enabling
flexible power sharing among PV-storage co-discharge, single-side operation, and
PV-to-storage energy transfer.
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