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Abstract—The single-stage multiport inverter (SSMPI) is a
promising configuration for islanded microgrids, eliminating the
need for an intermediate dc—dc converter. However, existing con-
trol schemes are always executed under mixed reference frames,
where the grid-forming control on the ac side is implemented in
the rotating frame, and the power allocation control on the dc
side is implemented in the stationary frame. This coupled feature,
operating under the mixed reference frame, leads to excessive
port power ripple and poor dynamic performance. Given this, this
article proposes a dual synchronous rotating frame (DSRF)-based
power allocation control strategy that achieves low port power
ripple and fast dynamic response, where the control objectives on
both the ac side and dc side are realized on the rotating frame. In
the proposed DSRF-based strategy, the SSMPI is decoupled into
dual subinverters, with each subinverter managed independently
in a synchronous rotating frame. The sum of the d-axis and g-axis
components for the subinverters is used for grid-forming control
on the ac side, and the magnitude of d-axis and g-axis components
of the subinverter is employed for power allocation control on the
dc side. The range for power allocation capability of the SSMPI
with the proposed DSRF-based strategy is also analyzed. Experi-
mental results show that the port power ripple can be reduced by
approximately 11.69%, and the dynamic response is significantly
improved with the proposed DSRF-based strategy.

Index Terms—Dual synchronous rotating frame (DSRF), micr-
ogrid, power allocation, single-stage multiport inverter (SSMPI).

1. INTRODUCTION

N recent years, microgrids have played a crucial role in
facilitating the high penetration of distributed generation
resources due to their autonomous capability, smaller scales,
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Fig. 1. Power electronic interfaces for integrating multiple sources in island

microgrids. (a) Fully active type. (b) Semiactive type I. (c) Semiactive type II.
(d) Single-stage multiport inverter.

and reliability, especially their flexible access to distributed
energy sources [1], [2], [3], [4]. Among them, the islanded
microgrids integrating hybrid energy sources, such as renewable
energy sources (RESs) and energy storage systems (ESSs) [5],
have attracted increasing attention as energy density and power
density improve and smoothing power fluctuations [6], [7].

In the islanded microgrids with RESs/ESSs, power electronic
converters are essential since they determine the size/weight,
power/energy density, and efficiency of these systems [8]. Up to
now, numerous power electronic converter topologies integrated
with RESs/ESSs in the islanded microgrids are reported [9],
[10]. However, these power electronic converter topologies in-
tegrated with RESs/ESSsneed one [11], [12] or more extra dc—dc
converters [13], such as fully active type in Fig. 1(a), semiactive
type Iin Fig. 1(b), and semiactive type Il in Fig. 1(c). To increase
power density and reduce additional costs, the single-stage
multiport inverter (SSMPI), as shown in Fig. 1(d), has drawn
increasing attention by enabling direct RESS/ESSs connection
to ac microgrids without bulky dc—dc converters [14], [15],
[16], [17], [18]. Consequently, SSMPI offers advantages of
reduced cost, power loss, and component stress compared to
other topologies [19], [20], [21], [22]. Despite these advantages,
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its control scheme is challenging because grid-forming control
on the ac side and power allocation control on the dc side should
be achieved simultaneously [23], [24].

To simultaneously achieve grid-forming control on the ac side
and power allocation control on the dc side, several modulation-
based strategies have been widely explored. Carrier-based dis-
continuous pulse width modulation strategies achieved dc-side
power control by injecting zero-sequence components into mod-
ulation signals [25]. Alternatively, space vector modulation
(SVM)-based strategies leveraged redundant vectors [26], [27]
or zero vectors [28] to allocate dc-side power. In addition, a mod-
ified SVM method was reported in [29], where a novel virtual
voltage vector was constructed to explicitly account for dc port
voltage variations and regulate small voltage vectors. Although
these modulation strategies effectively achieve simultaneous
grid-forming and power allocation control, they suffer from
cumbersome computational demands because power allocation
control is indirectly regulated by adjusting the redundant voltage
vector or the zero-sequence component.

Apart from modulation-based strategies, some control-based
strategies have been investigated for grid-forming control and
power allocation control as multiobjective control issues. Based
on the mathematical models of the SSMPI, a direct duty cycle
control-based strategy was conducted in [30] to simultane-
ously achieve power control and ac voltage control. In [31],
a model predictive control strategy was developed for the NPC
inverter, capable of sustaining motor drive performance even
in the presence of imbalanced dc ports. A finite-control-set
model predictive control strategy with flexible power allocation
was investigated for the SSMPI system in [32]. Additionally,
an iterative learning-based strategy was reported in [33], and
ripple-free port power regulation was achieved. Although those
control strategies achieved multiobjective for SSMPI effectively,
they suffer from excessive port power ripple and poor dynamic
response as they are executed under mixed reference frames,
i.e., the grid-forming control on the ac side is with the rotating
frame, while power allocation control on the dc side is with the
stationary frame.

In view of this, this article proposes a dual synchronous ro-
tating frame (DSRF)-based power allocation control strategy to
achieve grid-forming control on the ac side and power allocation
control on the dc side under the unified synchronous frame. In
the proposed DSRF-based strategy, the SSMPI is decoupled into
dual subinverters, with each subinverter managed independently
in a synchronous rotating frame. The sum of the d-axis and
g-axis components of the subinverter is used to synthesize the
voltage reference for grid-forming control on the ac side, and
the magnitudes of the d-axis and g-axis components are used
to achieve power allocation control on the dc side. With the
proposed DSREF, reduced port power ripple and a fast dynamic
response are achieved because the power allocation is linearly
and intuitively calculated in DSRF. Finally, the power allocation
range between two dc ports is also analyzed in detail.

The rest of this article is organized as follows. Section II
presents the configuration of SSMPI and the decoupled power
model. Section III illustrates the proposed DSRF-based power
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Fig. 2.

Configuration of the SSMPI.

TABLE I
SWITCHING STATES AND OUTPUT VOLTAGE FOR SSMPI

Gating signals Switch state Output voltage

(SthEZ) Sl‘ Ve N
(1,1) h Vi
(0,1) 1 Vi,
(0,0) 0 0

allocation control strategy. The experiment results are presented
in Section IV. Finally, Section V concludes this article.

II. MATHEMATICAL MODEL OF SSMPI CONFIGURATION

This section introduces the SSMPI configuration first. Then,
the decoupled power model is presented in detail.

A. Configuration of SSMPI

The typical SSMPI configuration is depicted in Fig. 2, which
is transplanted from the three-level neutral-point-clamped (3L-
NPC) inverter. On the dc side, the upper dc port is connected
to the unidirectional RES source, such as the PV unit, while the
lower dc port is connected to the ESS source, such as the battery.
In this configuration, two sources are directly connected to the
insulated-gate bipolar transistor (IGBT) and diodes. The output
voltages of the upper and the lower dc ports are Vz and Vp,
respectively. Capacitance C7 and C5 on the dc side serve to
stabilize the dc voltage and store or release energy, with their
voltage marks as V7 and V5, respectively. An obvious issue of
this configuration is the dc port voltage imbalance between the
upper and lower dc ports due to variations in the PV environment
or climate and the state of charge (SoC) of the battery.

In the SSMPI, each phase consists of four active switches,
named Sy1, Syo, Sz1, S22, (x € a,b, ¢), where S, and S, are
complementary switching states of S, and S, 2, respectively.
When S, and S, are turned ON, the PV unit supplies power to
the ac side, and the phase output voltage is Vz. When S, and
Szo are turned ON, the battery delivers power to the ac side, and
the phase output voltage becomes V. When both S, and S
are turned ON, no power is supplied, resulting in a phase output
voltage of zero. Table I summarizes the corresponding switching
states .S, and phase output voltages v, of the SSMPL
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Fig. 3. Current paths of SSMPL (a) Sz = h. (b) Sz =1.(¢c) Sz = 0.
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Fig. 4. Decoupled power modeling for SSMPI.

B. Decoupled Power Modeling for SSMPI

The SSMPI can be regarded as an integrated inverter formed
by dual two-level voltage-source inverters with a shared ac
output [34]. The feature of sharing ac output provides the SSMPI
with the advanced merit of single-stage power conversion,
eliminating the need for dc—dc converters. However, it also
brings challenges in the controller design because the two-level
voltage-source inverters are not independent, and the gating
signals of (5,1, Sz2) are not allowed to be equal to (1,0) because
the current path is uncontrollable at this switching state.

In this article, the configuration of SSMPI is decoupled into
dual subinverters (subinverter I and subinverter II), as shown
in Fig. 4, thereby simplifying the control design procedure. In
subinverter I, the PV supplies the load when S,; is ON, and the
equivalent dc port voltage of subinverter I is V3, which equals
Vi — V. In subinverter II, the battery supplies the load when
Szo is ON, and the equivalent dc port voltage of inverter I is V5,
which equals V7 . Since the sum of active power generated from
dual subinverters should be equal to that of the upper and lower
ports, the following can be derived:

Py + P, =P + Py (D

where Pp/ Py, is the power of upper/lower dc port and P;/Ps is
the power of dual subinverter I/II.

As S, directly connects to the upper dc port, the power of
the upper dc port P can be calculated in the decoupled dual
subinverters as follows:

Vi+ Vs
Vi

Py = Py @)
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Fig. 5. Control diagram for the DSRF-based strategy.

Based on decoupled dual subinverters, the power of each subin-
verter is managed independently in a synchronous rotating
frame. The detailed analysis will be presented in Section III.

III. PROPOSED DUAL SYNCHRONOUS ROTATING
FRAME-BASED POWER ALLOCATION CONTROL STRATEGY

The proposed DSRF-based power allocation control strategy
is shown in Fig. 5. The SSMPI is operated in an island microgrid
mode. In this study, the double loop proportional-integral (PI)
control is adopted to track rated grid voltage/frequency V*/f*.
This method has been widely adopted in microgrid applications,
and a detailed block diagram can be found in [8].

The proposed DSRF-based power allocation control strategy
for the SSMPI consists of four parts: flexible power allocation
control based on DSREF, grid-forming control under DSRF, mod-
ulation scheme for SSMPI under DSRF, and power allocation
capability analysis. The detailed implementation process of each
part is shown in the following text.

A. Flexible Power Allocation Control Based on DSRF

In the SSMPI configuration, according to the active power
balance principle for SSMPI on the two dc ports and the power
demanded P,. on the ac side, this is demonstrated in

Pye = Py + Pr. 3
For SSMPI, P, can be calculated in the synchronous rotating

frame in [35] as follows:

Pac:§
2

where 74 and 7, is output current i, while vg and v, is reference
voltage in synchronous rotating frame.

Similarly to (4), the power of subinverter I and subinverter 11
can be calculated in the synchronous rotating frame by

P = §(Ud1id + V417 )
{ 2 qlbq (5)
P, =

= 2 (va2ia + vg2iq)

(Ud’id + quq) 4)

where vg1, Vg1, Va2, and v,2 are voltages for the subinverters I
and II, respectively.
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According to (1), (3), (4), and (5), the relationship between
Ud, V1, Vg2 and vy, Vg1, Vg2 can be expressed as follows:

{vd = V41 + V42 )

Vg = Vg1 + Vg2-

Asthe current is shared between SSMPI and dual subinverters,
the power allocation can be diverted to regulate the voltage for
dual subinverters according to (6). To achieve the flexible power
allocation control on the dc side, two proportional factors, Ay
and Ao, are used to regulate the power of the decoupled dual
subinverters as follows:

Pl = )leac
Py = Py,

According to (1), (3), and (7), the limitation for A; and X9
should be satisfied

(N

A+ A = 1. 8)

Thus, the voltage for SSMPI and dual subinverters can be
regulated as follows:

{Udl +va = )\.1(’Ud + ’Uq)
Vg2 + Vg2 = )\.Q(Ud + ’Uq).

€))

By combining (2), (5), and (7), the relationship between Pr
and A can be established as follows:
3 . . 3
Py = §A1§(vdzd +v4iq) = §A1§Pac (10)
where £ is equal to
From the above analysis, when the reference power of the
upper dc port Py, is given, the corresponding A1 can be obtained

as P,., and ¢ are parameters for SSMPI. The power of the lower
dc port, P, can also be obtained by (3).

VitVs
Vi :

B. Grid-Forming Control Under DSRF

Regarding the grid-forming on the ac side, the reference volt-
age is generated by the d-axis and g-axis components of the dual
subinverters. When 1 is achieved in (10), the corresponding vq;
and vy, obtained as well based on (9). As specifiedin (6), vq1,vq1
synthesize reference voltage v] and vz, V42 similarly generate
reference voltage v by

{vi‘ = Vg1 + JjUq1
V5 = Vg2 + Vg2

an

where the j represents imaginary units, means the g-axis lags
behind the d-axis by 90°.

By combining (6) and (11), the reference voltage v* for the
SSMPI can be calculated as

v* =] +v3. (12)

As indicated in (12), once the voltage references for the
dual subinverters are obtained, the voltage reference v* for
grid-forming control can be synthesized. The synthesis process
of v™ in the rotating reference frame is illustrated in Fig. 6.

In SSMPI, four power flow modes are considered as shown
in Fig. 7. The lower dc port separately provides power for the
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(b)

Fig. 6.  Synthesis process for v* in synchronous rotating frame. (a) Reference
voltage for subinverter I. (b) Reference voltage for subinverter II. (¢) Reference
voltage for SSMPI.
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Fig. 7. Four power modes for SSMPI. (a) Mode I. (b) Mode II. (c) Mode III.
(d) Mode IV.

ac side (mode I). The upper and lower dc ports are provided
simultaneously for the ac side (mode II), and the upper dc port
provides power separately for the ac side (mode III). The upper
dc port provides power for the ac side, and the lower dc port
absorbs power (mode IV). The four modes can be expressed as
follows:

Py =0,Pp = Py
Py < Py, Pr, < Py,
PpL=0,Pg =P,
Py > Py, Pr, < P,

01l = 0,05 =
il <l gl <l
03] = 0,7 =

[vi] > |v*|,v5 - v* < 0.

C. Modulation Scheme for SSMPI Under DSRF

In this part, the traditional modulation scheme in 3L-NPC
cannot be applied to SSMPI directly as the voltage of the dc
port is imbalanced, which can easily have switching dead zones.
To solve this issue, dual separate two-level SVM (2L-SVM)
is synthesized as a three-level SVM (3L-SVM) based on the
decoupled power model in the proposed DSRF-based strategy.

The process of dual 2L-SVM synthesizing to 3L-SVM is
depicted in Fig. 8. The gating signals of S,; and S, o are
generated separately by v] and v3. However, the gating signals
of (S,1,S.2) are constrained to be equal to (1,0) for the current
path being uncontrollable in this switching state. To avoid the
switching state of (1,0), d,1/d,2, the duty cycles for S,1/S;2
should satisfied the constraint of d,; < d,2. In this article, the
duration time of zero vector (111) for subinverter I is minimized,
while that for subinverter II is maximized to meet the constraint.
In other words, only the zero vector (111) is employed for vector
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Fig. 8. Process of dual 2L-SVM synthesizing to 3L-SVM. (a) 2L-SVM for
subinverter I. (b) 2L-SVM for subinverter II. (¢) 3L-SVM for SSMPI.

synthesis in subinverter II, while only the zero vector (000) is
employed for vector synthesis in subinverter I.

Taking sector I as an example, the desired voltage vectors
of v] and v3 are synthesized synchronously by active voltage
vectors (100) and (110). The duration time for the subinverter I
can be calculated as

dy =T + T}
dy =Ty
der =0

(14)

where T} and T% are the duration time for (100) and (110) of
subinverter I, respectively. d,1 € [0,Ts], © € a, b, c. The dura-
tion time for subinverter II can be calculated as
doo =T + T4 + T}
dye =Ty + T
deo =T

15)

where T} and T4 are the duration time for (100) and (110)
of subinverter II, respectively. T) = Ts — T — T4y > 0. dya €
[0,Ts],z € a,b, c. According to (14) and (15), it is obvious that
dgo > dg1,dpa > dp1,and deo > d.q. In this way, the constraint
of dy1 < dg o is satisfied.

Flowchart of the proposed DSRF-based strategy is included
in Fig. 9. In this proposed DSRF-based strategy, v4 and v, are
decomposed linearly for the dual subinverters by A; and As.

D. Power Allocation Capability Analysis

For SSMPI, complex power requirements are needed to adapt
to different power modes. Given this, this part discusses the
power allocation capability 7, which is defined

Py
= 16
=5 (16)
According to (2), (4), and (5), n) can be rewritten by
(Udlid + U(Iliq) (17)

(’Udid + quq) '
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Fig. 9. Flowchart of the proposed DSRF-based strategy.

To avoid the over-modulation problem for the dual subinvert-
ers and SSMPI, vy, v41, and vgo should satisfy the following:

0< |var| < 3%

V;
0 < |vae| < 2 (18)
VitV
0 < Jva| < Yitlz,
The lower border of 77 can be achieved in two cases as follows:
in the case of |vg2|max = Ve > |vg| is within

the output capability of the low voltage port. In this case, the
following should be met:

{UdZ = V4 (19)
Vq1 = 0
71 can be obtained as
Vg1t
n=¢ L4 (20)
Vald + Vqlq

When |vg2|max = % < |vgl, that means |vy| is beyond the
output capability of the lower dc port. In this case, the following
can be obtained:

Va1 = |val = 7% e
Va2 = |Ud2|max = %
In this case, ) can be obtained as
.- g\/g(vdid + vg1iq) — VQid' 22)
V3(vaia + vqiq)

The upper border of 7 can be achieved in the following two
cases: in the case of |vg1|max = % > |vql, that means |vg| is
within the output capability of the high voltage port, and the
following should be satisfied:

Va1 = |vd
23
{Udg =0. ( )
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In this case, the upper border of 7 is given as

(vaid + vg1iq)
= (24)
n=¢ (vaiq + vgiq)

In the case of |41 |max = % < |va4l, vq is beyond the output
capability of the upper dc port, the following should be satisfied:

Vd1 = ‘Ud1|m X — A7%
e (25)
Vdo2 = "I}dl — ﬁ

In this case, the upper border of 7 can be obtained as

(Vlid + \/quliq)
\/g(vdid + quq)
Combining (20), (22), (24), and (26), the theoretical power
allocation range can be calculated as

¢ Vgilq §\/§(Udid + vg11q) — Vaig
Vdid + quq ’ \/g(vdid + vqiq) max

<< 5(Vlid + V3ugiiy)
- \/g(vdid + quq) ’

In this article, the g-axis component is neglected as only active
power is discussed, (27) can be rewritten as

V3vg —
{0 g fvd }max = K = { \/> d,f}min. (28)

According to (28), the power allocation of SSMPI is depicted
in Fig. 10 with the modulation index equal to 0.78. From Fig. 10,
when the voltage ratio V7, /Vyy is set to a higher value, the lower
border of power allocation capability can be equal to 0, meaning
that the lower dc port can provide the load power solely without
using the upper dc port.

(26)

Vald + Vg1t
&E— 44 . @N
UdZd + /Uqlq min

IV. EXPERIMENTAL RESULTS AND DISCUSSION

As shown in Fig. 11, the experimental setup is built to
verify the effectiveness of the proposed DSRF-based strategy
for SSMPI. The main experimental parameters are listed in
Table II. Meanwhile, the dc side input voltages are generated
by two programmable dc sources, where the lower dc source is
bidirectional. A LC filter is applied to improve voltage/current
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Fig. 11.

Experimental setup for SSMPI.

TABLE II
MAIN EXPERIMENTAL PARAMETERS OF THE TEST SYSTEM

Parameters Value
HV dc port voltage vy, =400 V
LV dc port voltage v; = 160-240 V
DC side capacitance C1 = C2 =4920 uF
LC filter inductance Ry/Ly =3mH/0.4 Q
LC filter capacitance Cy =10 pF
Sample time/frequency Ts = 100us/fs = 10 kHz
Rated ac voltage Vg =110V
Rated ac frequency fq =50 Hz
Reference ac active power = 1000 W
Reference ac reactive power Q. =0 var

quality on the ac side. The sampling frequency is set to 10 kHz,
and PWM generation and analog-to-digital conversion are re-
alized by FPGA. The SSMPI is implemented by IGBTs, and
the switching frequency is also set to 10 kHz. An eight-channel
oscilloscope is adopted to capture experimental variables.

A. Steady-State Performance

The effectiveness of the proposed DSRF-based power alloca-
tion control for the SSMP1 is first evaluated through steady-state
tests.

1) Steady-State Performance Under Imbalanced Port Voltage:
To account for dc source voltage variation in practical scenarios,
the proposed strategy is initially evaluated under varying voltage
ratios. The steady-state performance of the proposed DSRF-
based power allocation control under different voltage ratios is
illustrated in Fig. 12, where V7 is fixed at 400 V, and V7, is set to
160, 200, and 240 V in Fig. 12(a), (b), and (c), respectively. The
experimental results are obtained with the reference power of the
upper dc port, P;; = 1000 W, and the power demand on the ac
side P,. = 1000 W. As shown, the grid-side voltage and current
u, and i, are well-controlled, with current THD values of 3.11%,
3.07%, and 2.98%, respectively. Despite the imbalanced input
voltages, the performance of the ac side remains unaffected, and
the sum of vg; and vgo is always equal to v, indicating that the
grid-forming control is achieved effectively.

2) Results under Different Power Demands: To verify the ef-
fectiveness of the proposed DSRF-based strategy in four modes
and the capability of power allocation, the steady-state test
under the different reference power of the upper dc port Py
is conducted in the case of the Vg = 400 V and V;, = 300 V
and P, = 1000 W. Fig. 13(a), (b), (¢), and (d) correspond to P;;
set as 0, 700, 1000, and 1300 W, respectively. The lower dc port
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Fig. 13.

Different P;; under imbalanced DC voltage for four modes. (a) Mode I:

Py, = 0W. (b) Mode II:

Py, = 700 W. (c) Mode III: P, = 1000 W. (d) Mode

IV: Py, = 1300 W. From top to bottom, waveform is d-axis of SSMPI v, g-axis of SSMPI v, d-axis subinverter I vy, d-axis of subinverter IT vy, grid-side
voltage u, grid-side current 4., power of upper DC port Pr7, and power of lower DC port Py, respectively.

is used to supply or absorb the remaining power. In the face of
different Pj; values, Py can accurately track its references. In
addition, the grid-side voltage/current u,/2, are well-controlled
by control the sum of v4; and v 42 is equal to v and the magnitude
of vg1 and vgo has a good adaptability when the power of dc
port changed. The experiment demonstrates that the proposed
DSRF-based strategy can achieve the desired power allocation
for four modes in cases with varying port power demands.

B. Dynamic Performance

In addition to the steady-state performance, the dynamic
performance is also present to further verify the proposed DSRF-
based strategy, which is tested under both stepped changes of
grid-side load and the reference power of the upper dc port.

1) Stepped Change of the Grid-Side Load: The control per-
formance of the proposed strategy under P, steps change from
1000 to 1200 W in Fig. 14(a) and then back to 1000 W in
Fig. 14(b), and change from 1000 to 750 W in Fig. 14(c) and then
back to 1000 W in Fig. 14(d), with Vg =400 V, VL, =240V,
and Pj; = 1000 W. When the load changes suddenly, Pp is
regulated to P;;, and the lower dc portis used to release or absorb

excessive power, revealing that Py tracking can be guaranteed
under grid-side load step changes. In Fig. 14, the sum of v4; and
vq2 18 always equal to vy, verifying the effectiveness of the pro-
posed DSRF-based strategy when changing the load suddenly.

2) Stepped Change of the Reference Power of the Upper DC
Port: The control performance of the reference power of the
upper dc port Pj; is tested under stepped changes from 700 to
1300 W, with Vg =400V, Vi, =240 V, and P,. = 1000 W.
The power reference of the upper dc port Py, stepped changes
from 700 to 1300 W in Fig. 15(a) and then back to 700 W in
Fig. 15(b). During the stepped change of Py, v4 and v, remain
unchanged, and the sum of v4; and vgs is equal to v, indicating
the proposed DSRF-based strategy presents good adaptability in
the case of variable P;;. Meanwhile, with the proposed DSRF-
based allocation strategy, a rapid dynamic response is achieved
within two control cycles.

C. Comparison With the Existing Strategies

To highlight the benefits of the proposed DSRF-based
strategy, a comparative study with existing strategies is con-
ducted to verify the advantages of the proposed strategy features.



1074 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

P
'
'
| e I T .
'
1
'

e sl
I
|

| SO S S A S AP U N S——

VoY Y ViY ViYW oYY Y

T
'
'
I
I
U
I
I
I
'
|
'
'
'
L
T
'
'
'
'
'
!
!
'
'

P,.:1000W > 1200W P.:1200W —> 1000W i P 1000W—>750W P 750W > 1000W
e Ao yr) e pr Ao 1 I
[ TP S SV A, e > ] ; = S
#(20ms/div) i #(20ms/div) : #20ms/div)
—____Zoomin _——__ Zoomin _——
TSV 200V/div) v, (200V/div) | v 200V/div) v, (200V/div)l i s v 200V/div) lyq(zp;owdiv‘j S vA200V/div)_7v,(200V/div)
Vd2(5 OV/ le)

W A ,(50V/div) —

le(SOV/dlv) """" i XTOA?&RS’ S (50V/div) i,(10A/div) ||

N e S N —

S (G0V V) a‘ X
v (S0V/div) i (10A/div) va(S0V/div) z(lOAJdlv)

(200V/div) = a(‘i‘oowdiv) ;

> /x N S ie é S ————— \\., A
N N ™ h |
(200V/div) (200V/div)
: \PH(500W/chv) T NP,(500W/div) N p,(500W/div) TN G00wWsd)
E'ta;rgdw)ﬂ\PL(SOOW/dw) h_{(_4_111_1_3_/_41\_;_)_}&(?566&\7{]_/51‘\/) o 'i@n?&&v) \?L(soovwzﬁ{,) mﬁg’/ﬁ)**ﬂ"?i?d()%ﬁf{ry
(@) (b) (©) (d)

Fig. 14. Dynamic performance of SSMPI with the proposed DSRF-based strategy under grid-side load switching. (a) P, varies from 1000 to 1200 W. (b) P,
varies from 1200 to 1000 W. (¢) P, varies from 1000 to 750 W. (d) P, varies from 750 to 1000 W. Waveforms from top to bottom are d-axis of SSMPI v,
g-axis of SSMPI vy, d-axis subinverter I v41, d-axis of subinverter Il v42, grid-side voltage u,, grid-side current ¢, power of upper DC port Py, power of lower

DC port Pr,.
e T = &
ls 198 evetvedsfeverseiseronjeturrss -
I It L |
 sucttie iz mice s e, 1l O S v e
I T |
SR . O . It b |
I it |
e 1 |
RAAAAARAAAAMAARAARAAARIAAARARI
VYV VIVMVY VY VI RVAVAV; (VAVAVAVAVAV: i
I Vv v v \ : v Vv v Vv vV Il Vv v v v v v Vv v v‘
: Py 700W »1300W H Py 1300Wi—>i 700W }
s s s s o il et |
[ e S e i Yot |
|. P;:300W »-300W Iy Pr:-300W > 300W |
1Q20ms/div) | = | 720mTs/div) |
Zoom in Zoom in

| SvA200V/div) _»v,(200V/div)! i S4v,(200V/div) _»v,(200V/div)|

I dz(SOV/le) f——‘-‘————“—"‘*——}

- e |
SR e e § 50V/div) ‘
~ : i.(10A/div) 1! l' al a(2001\)/d1v) za(IOA/dlv)‘

|
/:r

: uaé)OV/dlv)

L 3E,(soowmw) I \ﬁ,,(soowmhv)
:A-rw~~\—w Py(500W/div) I g PL(SOOW/dlv) [P
=

| f(4ms/div) - ~-~--——-' vy
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1) Comparison on Dynamic Performance and Port Power Rip-
ple: The comparison tests with iterative learning-based strategy
in [33] and zero vector regulation-based strategy in [28] under
variable Pj; are conducted in the condition of Vi = 400 V,

Power Ripple: tAP=8W

Pi(500W/div)

Power Rising :Ar=0.
t(20ms/d1v) - Power Rising :Ar=0.2ms
Proposed DSRF-Based Strategy

Power Ripple:AP=10W.

nAA

—————————— e ]

t(20ms/d1v) : P0wer Rlsiﬁg A= 19ms
‘ i Zero; Vector Regulatlon Based Strategy

Fig. 16. Comparison on dynamic performance and port power ripple among
the proposed DSRF-based strategy, iterative learning-based strategy in [33] and
zero vector regulation-based strategy in [28] when the reference power of the
upper DC port Py, rises from 700 to 1300 W.

Vi =240V, and P,. = 1000 W. As shown in Fig. 16, the power
of the dc port Py rises from 700 to 1300 W using different
control strategies. As for dynamic performance, the transient
time At for the iterative-learning-based strategy and the zero
vector regulation-based strategy is 20 and 19 ms, respectively.
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TABLE III
COMPARISON BETWEEN THE PROPOSED DSRF-BASED STRATEGY AND THE
EXISTING STRATEGIES

. Reference Power Power Power Dynamic
Strategies N . . o
frame ripple  allocation  efficiency response
[12] af +dq Small Fixed Low Slow
[24] af + dq Large Flexible High Slow
[28] af + dq Large Flexible High Slow
[33] af + dg Small Flexible High Slow
Proposed  Both in dg  Small Flexible High Fast

However, At for the proposed DSRF-based strategy is 0.2 ms,
which is significantly improved as the power is regulated in the
DSREF by the dual subinverters. _

As for performance of power ripple P,, which is defined as
follows:

P, = Pymax — Prmin (29)
where Ppmax and Ppiy indicate the maximum and minimum
value of the sampling power. P, is 10 and 160 W for iterative
learning-based and zero vector regulation-based strategies. And
P, is 8 W for the proposed DSRF-based strategy, which ben-
efited from allocating the power of the dc port directly based
on dual subinverters. Power ripple is reduced 11.69% when

" = 1300 W compared with the zero vector regulation-based
strategy, which demonstrates the superiority of the proposed
DSRF-based strategy in suppressing the port power ripple.

2) Theoretical Comparisons with Existing Strategies: The
proposed DSRF-based strategy has been evaluated against the
previous methods to highlight its benefits in terms of reference
frame, power ripple, power allocation, power efficiency, and
dynamic response. The comparison results are presented in
Table III. In [12], [24], [28], and [33], power allocation control
and grid-forming control are achieved in a mixed reference
frame. Power ripple is reduced in [12] and [33] by incorporating
an extra dc—dc converter and an iterative learning controller,
respectively. Power allocation in [24], [28], and [33] is flexible,
whereas it is fixed in [12] because the power allocation control
is not considered. In [12], power efficiency is lower than that
of other strategies, as an extra dc—dc converter is applied. The
dynamic response is slow because the model is not decoupled
in [12], [24], [28], and [33].

In contrast, the proposed DSRF-based strategy decouples
SSMPI in DSREF, enabling it to achieve flexible power allocation
control and grid-forming control simultaneously in the dq frame.
Meanwhile, the power ripple is low, and the dynamic response is
fast, benefiting from the decoupled power model that regulates
power intuitively and linearly. Power efficiency is high because
the dc—dc converter is removed in the SSMPI configuration.

V. CONCLUSION

This article proposes a DSRF-based power allocation control
strategy to achieve power allocation control on the dc side and
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grid-forming control on the ac side in the DSREF, thereby resolv-
ing the coupling issue caused by using mixed reference frames
in existing strategies. With the proposed DSRF-based strategy,
the SSMPI is decoupled into dual subinverters, and the power
of each subinverter is calculated linearly and intuitively in the
corresponding synchronous rotating frame. Experimental results
confirmed that the proposed DSRF-based strategy reduces port
power ripple by approximately 11.69% compared to the existing
strategies, while also achieving fast dynamic performance. In
light of these results, the SSMPI with the proposed DSRF-based
strategy offers an attractive solution for achieving fast dynamic
response and reduced port power ripple in islanded microgrids.

Besides, there are still several issues that should be addressed
in future work, such as operating under a nonunity power factor
and extending to more than two dc ports.
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