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Direct Power Distribution Strategy Based on Space
Vector Modulation for Single-Stage Dual-DC-Port
Inverter

Lijie Liu"”, Member, IEEE, Dehong Zhou

and Zewei Shen

Abstract—The single-stage dual-dc-port inverter directly con-
nects the photovoltaic-battery hybrid system to the ac side, which
offers the advantages of high efficiency and low cost due to the
removal of de—dc converter. The existing modulation-based power
distribution strategies realize flexible power flow control by indi-
rectly regulating redundant zero or small vectors via additional
outer loop power controllers, which have the drawbacks of lim-
ited steady-state and dynamic response. To address this issue, the
relationship between the dc-port power and large/small vectors is
analytically revealed, which provides intuitive parameter design
guidelines for power distribution control. On this basis, a direct
power distribution strategy based on space-vector modulation is
proposed, which regulates the dc-port power by splitting the ref-
erence voltage vector into large and small vectors. Compared to
the conventional strategies, the proposed strategy shows better
steady-state and dynamic response due to desirable power control
directly realized in the modulation layer. Finally, the comprehensive
comparison experimental tests are conducted to verify the effec-
tiveness and advantages of the proposed direct power distribution
strategy.

Index Terms—Photovoltaic (PV)-battery hybrid system, power
distribution, single-stage dual-dc-port inverter (SDI), space-vector
modulation (SVM).
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Fig. 1. Configuration of SDI-connected PV-battery hybrid system.
SDI  Single-stage dual-dc-port inverter.

NPC  Neutral-point-clamped.

SoC  State of charge.

PWM Pulsewidth modulation.

SVM  Space-vector modulation.

PI Proportional-integer.

A/D  Analog to digital.

RMS Root mean square.

THD  Total harmonic distortion.

I. INTRODUCTION

V GENERATION technologies offer attractive solutions

for alleviating environmental pollution and energy short-
age problems [1], [2]. PV generation technologies have drawn
considerable attention due to their advantages of being clean,
sustainable, and low-cost. However, they also have the disad-
vantage of intermittent due to unpredictable natural conditions,
for instance, the weather. To solve this problem, energy storage
systems are usually adopted to smooth power fluctuations in
PV generation systems [3], [4]. As a result, numerous advanced
strategies have been investigated for PV-battery hybrid systems
in recent years [5], [6].

The SDI provides an attractive solution for integrating the
PV-battery hybrid system. Two dc ports of SDI are directly con-
nected to the PV-battery hybrid system, as shown in Fig. 1. Due
to the salient advantages of high integration, this architecture has
been widely used in multisource applications, for instance, hy-
brid electric vehicles [7], [8], [9], [10]. The SDI-based solution
improves system efficiency at the topology level. The system
efficiency can also be improved from the device level [11],
[12], such as wide bandgap devices. Compared to the con-
ventional two-stage topologies, the SDI can improve efficiency
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TABLE I
COMPARISON OF THE EXISTING SVM-BASED POWER DISTRIBUTION STRATEGIES

REF Basic idea Computational ~ Steady state ~ Dynamic
burden accuracy response
Select small vectors .
(311,132 via PI controller High Low Slow
Regulate small vectors .
(331 via PI controller High Low Slow
[34] Regulate zero vectors Medium Low Slow
via PI controller
[35] Regulate de-port power Medium Low Slow
via PI controller
Proposed method Direct distribute power Medium High Fast

via SVM

and reduce cost due to: 1) DC—dc converter and its filter are
removed; 2) single-stage power flow can be obtained [13], [14],
[15]. By replacing the ideal switches with switching devices
in Fig. 1, two different SDI topologies can be achieved, namely
NPC form [16], [17] and T-type neutral-point-clamped (T-NPC)
form [18], [19] SDIs.

The circuit structure of SDI is similar to that of conventional
multilevel converters. Although various modulation strategies
have been proposed for multilevel converters [20], [21], [22],
[23], [24], [25], they could not be transplanted to SDI. First of
all, the dc-port voltages of SDI are usually unbalanced due to
the voltages of the PV-battery hybrid system being variable with
natural conditions (weather, temperature) and state of charge
(SoC). Conventional PWM strategies [20], [21], [22], [23], [24],
[25] are only suitable for balanced dc-port voltages, which is
ineffective in the case of unbalanced dc-port voltages. Moreover,
the modulation target of SDI is to realize flexible power distribu-
tion between the PV unit and battery, rather than keep the dc-port
voltage balance in conventional modulation strategies [20], [21],
[22], [23], [24], [25]. In summary, the PWM strategy for SDI
should offer desirable dc-port power distribution capability with
the unevenly distributed space vector diagram.

Regarding the modulation design for the unevenly distributed
space vector diagram, some previous studies provide effective
solutions. A virtual SVM was proposed for the unbalanced
dc-link voltages, which can adjust the unbalancing degree with
high accuracy for any modulation indexes and load power
factors [26]. An improved SVM is investigated to reduce the
common-mode voltage in the case of unbalanced dc-port volt-
ages [27]. An analytical discontinuous SVM was proposed to
suppress output harmonics and maximize the linear modulation
region under unbalanced dc-link voltages [28]. A modified SVM
was proposed for improving system efficiency [29]. The sym-
metrical SVM was proposed for realizing low current harmonics
in the case of unbalanced and oscillated dc-link voltages [30].
Although the abovementioned modulation strategies are effec-
tive for the unevenly distributed vector space diagram and have
achieved desirable performance, they cannot be directly applied
for SDI due to the lack of power distribution ability.

Regarding the power distribution issue of the SDI, substantial
SVM-based methods have been studied recently. To realize
power delivery between two dc ports, the modified SVM
is proposed in [31] and [32]. The basic idea is to select
different small vectors in the process of reference voltage vector

synthesis. A virtual SVM is proposed for flexible power control
by regulating the redundant small vectors [33]. However,
complicated calculations are unavoidable due to the uneven
voltage vectors being directly used [31], [32], [33]. Desirable
power distribution control is realized by controlling the
redundant zero vectors in the modified SVM strategy [34]. A
decoupled model-based modulation is proposed for dc-port
power distribution in [35]. Unfortunately, these strategies share
a common issue in that the power distribution is realized by
indirectly regulating redundant vector components via the
additional PI controllers. As a result, the steady-state/dynamic
performance of power distribution control is limited. Table I
shows the comparison of the existing SVM-based power
distribution strategies. Therefore, an intuitive but effective
power distribution strategy is urgently required for SDI.

To deal with the aforementioned issues, a direct power dis-
tribution strategy based on SVM is proposed for SDI. First,
the analytical relationship between dc-port power and space
vector is established, which offers detailed parameter design
guidelines for power distribution. Then, flexible power dis-
tribution is realized by splitting the reference voltage vector
into large and small vectors. Complicated calculations caused
by the uneven space vectors can be avoided by synthesiz-
ing the split vectors via two-level modulation. Due to flex-
ible power distribution being directly realized in the mod-
ulation layer, better steady state, and dynamic performance
can be achieved compared to conventional SVM-based strate-
gies. Finally, experimental tests have been carried out to ver-
ify the effectiveness of the proposed direct power distribution
strategy.

The rest of this article is organized as follows. The
SDI-connected PV-battery hybrid system is illustrated in
Section II. Section III provides the proposed direct power
distribution strategy based on SVM. The experimental re-
sults are shown in Section IV to verify the effectiveness
of the proposed solution. Finally, Section V concludes this
article.

II. SDI-CONNECTED PV-BATTERY HYBRID SYSTEM

In this section, the topology of an SDI-connected PV-battery
hybrid system is given first. Then, the space vector diagram of
SDI is introduced.
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Fig. 2. Topology of SDI-connected PV-battery hybrid system.

TABLE II
SWITCHING STATES AND OUTPUT VOLTAGES

S215225,15z2 Sy  Output voltage

v1 + v2

Fig. 3. Space vector diagram under DC-port voltage ratio v < %

A. Topology of SDI-Connected PV-Battery Hybrid System

Fig. 2 shows the topology of an SDI-connected PV-battery
hybrid system. The SDI can be considered a modified three-level
NPC converter with unequal dc port voltages, which directly
connects the PV-battery hybrid system to ac side. The dc port
with lower voltage v; is connected to the battery, and the dc
port with higher voltage v}, is connected to the PV unit. The
voltages of the dc-side capacitor are v; = vy, — v; and vy = v;.
The output currents of the PV unit and battery are ¢;, and 1,
respectively. Switching states and output voltages of the SDI in
phase x(x = a, b, ¢) are given in Table IL. It is well-known that
the voltages of PV-battery hybrid system are determined by the
natural conditions and SoC. As a result, the dc-link voltages are
usually unbalanced, making the space vector diagram unevenly
distributed.

B. Space Vector Diagram of SDI

Fig. 3 gives the space vector diagram under dc-port voltage

ratio v < % The dc-port voltage ratio is defined as v = Ul“ﬁvg .
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TABLE III
CLASSIFICATION OF VOLTAGE VECTORS IN SDI

Voltage vectors Switching states
(222),(111),(000)
(100),(110),(010),(011),(001),(101)
(211),(221),(121),(122),(112),(212)
(210),(120),(021),(012),(102),(201)
(200),(220),(020),(022),(002),(202)

Zero vectors Vz
Positive small vectors Vpy,
Negative small vectors Vi,

Medium vectors Vg,
Large vectors VL,

. :\“’/ ’w@

i €T e,
Power management
and case selection |PWM‘ | Voltage current control |<‘
Py dyd,
Duty cycle calculation for

Load

eference voltage vector split
upper and lower leg for low computational burden
kyo ! kNET vt

Power distribution control Reference voltage vector re-
for parameter design split for low switching losses

Proposed direct powel distribution strategy

Fig. 4. Overall block diagram for the proposed direct power distribution
strategy based on SVM.

The space vector diagrams under y = % andy > 1 are not given
because they are similar to Fig. 3. Table III shows the classifica-
tion of voltage vectors. The total voltage vectors are classified
into five categories, i.e., zero vectors V' z, positive small vectors
V py, negative small vectors V' v, medium vectors V pr,, and
large vectors V . As shown in Fig. 3, the voltage vectors are
unevenly distributed due to the unbalanced dc-link voltages.
It is challenging to design the modulation strategy to generate
the reference voltage vector V'* in the asymmetrical three-level
converter frame. In addition, flexible power distribution between
the PV unit and the battery should be realized by modulation.
A direct power distribution strategy based on SVM is proposed,
which will be detailed in Section III.

III. PROPOSED DIRECT POWER DISTRIBUTION STRATEGY
BASED ON SVM

The overall block diagram for the proposed direct power
distribution strategy based on SVM is illustrated in Fig. 4.
The system operates in islanded microgrid mode, and the SDI
connects the ac load via the LC filter. The grid-forming control
structure is presented for SDI, and the well-known voltage-
current double-loop PI control is used to track the reference
of amplitude V, and frequency f; of grid voltage. The external
loop controls the grid voltage u, to match its reference, while
the internal control loop regulates the inverter-side current i;.
The detailed control block of the voltage-current double-loop
PI control can be found in [36]. On the dc side, the power
management strategy is adopted to generate the reference output
power of PV unit P};. According to the PV MPPT and SoC of
the battery, three different operation cases are considered in this
study [37], [38]. In case 1, the PV unit and battery support the
grid together. In case 2, only the PV unit supports the grid. In case
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(111)
(b)

Fig. 5.
Sector II.

Reference voltage vector split by large vectors. (a) In Sector L. (b) In

3, the PV unit not only supports the grid but also charges to the
battery. Under constant grid power, flexible power distribution
between the PV unit and battery can be realized by tracking
Py;. The contribution of this article is the proposed direct power
distribution strategy based on SVM, which is responsible for
dc-port power distribution.

In the following text, the details of the proposed direct power
distribution strategy will be given, including reference voltage
vector split for low computational burden, reference voltage
vector resplit for low switching losses, power distribution control
for parameter design, and duty cycle calculation for the upper
and lower legs.

A. Reference Voltage Vector Split for Low Computational
Burden

For the sake of simplicity, only the voltage vectors in Sectors
I and II are discussed. To avoid complicated calculations, the
reference voltage vector is split into large vectors in the first
stage. As shown in Fig. 5, the reference voltage vector V* can
be expressed as follows:

V* =
V* =

where V1, Vi2 / VL3 is the large vector of SDI in Sector I and
I1, t1 /to/t3 is the virtual dwell time of large vector, and Ty is
the sampling period. The sum of the dwell time of the vectors
should be less than the switching period, i.e., t; + t2 < T, and
to +t3 < Ts. By doing this, the computational burden caused
by the uneven vectors can be avoided.

Vit +Viat
%’ In Sector 1
Viato+ Vgt
%, In Sector II

(D

B. Reference Voltage Vector Resplit for Low Switching Losses

To reduce the switching losses, the reference voltage vector
is decomposed into two parts that can be generated by negative
and positive small vectors, respectively. As shown in Fig. 6, the
reference voltage vector can be rewritten as

Vi=VL+Vp 2)

where V¥, / V5 is the decomposed reference vector. Vi, can be
directly generated by the negative small vectors due to the same
direction, for instance, (211) in Sector I. V5 can be synthesized
by the positive small vectors, for instance, (110)/(100) in Sector
I. To minimize the switching times of SDI, the zero vector is
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(2 1) (166)
(a) (b)

Fig. 6. Reference voltage vector resplit with small vectors. (a) In Sector I. (b)
In Sector II.

Upper leg SDI Upper leg SDI
al 2 1 a 2 a 1 @
b1 ! "l 2 o] ! o
c 1 c 1

Lowg-r leg -’ Lowtr leg »? 2
1 | " 1 . _,TL 1 1

a0 0

pol ' Lo ¢ b : ¢
c0 m 0 0 ’TI 0 _ico0 m 0 0 m 0

(a) (b)

Fig. 7.
Sector II.

Switching state of upper leg, lower leg, and SDI. (a) In Sector L. (b) In

selected as (111). The negative small vectors (211) and (121) in
Sectors I and II are selected, respectively.

As shown in Fig. 6(a), the direction of VY is the same as
that of the negative small vector (211). Then, V;/V} can be
expressed as

— knoVipaty

Vi 7 ;
V* = (1-kno)Vpit1+Vpats 3)
P T,

where ko is the proportional factor for regulating the odd large
vector Vi1/Vi5s/Vis, 0 < kno < 1. Similarly, the direction
of V; is the same as that of the negative small vector (121) in
Fig. 6(b). In Sector II, V{; /V} can be expressed as

V* — kxoVists
(ke @)
v* — (-kno)Viata+Viats
= .

s

Fig. 7 shows the switching state of the upper leg, lower leg,
and SDI: (a) in Sector I, (b) in Sector II. For the upper leg,
the switching states of two phases are fixed. There is only
one switching action for the upper leg. Hence, decomposing
the reference voltage vector into small vectors is an effective
solution to reduce switching losses.

C. Power Distribution Control for Parameter Design

1) Basic Idea of Power Distribution: The power paths of
small vectors are used to illustrate the basic idea of power
distribution. Fig. 8 shows the power paths of small vectors in
Sector I: (a) negative small vectors, (b) positive small vectors.
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Fig. 8. Power paths of small vectors in Sector I. (a) Negative small vectors.
(b) Positive small vectors.

In Fig. 8(a), the battery power P, < 0 should be satisfied with
negative small vectors. In Fig. 8(b), the battery power Pr, > 0
should be satisfied with positive small vectors. And the PV
port power Py > 0 and Py = 0 can be achieved in Fig. 8(a)
and (b), respectively. Hence, the maximum value of PV port
power Ppmax can be obtained when all negative small vectors
are used

Prmax = Prao + Puar (5)

where Py indicates the active power provided by the odd
negative small vector Viv1/VNs/ Vs, i.e., (211)/(121)/(112)

TVLyty

PHO = gRe(;VNy) - %Re (1/ > ’y = 17375 (6)

where 4 means the conjugate of grid-side current vector 4. Py
indicates active power provided by the even negative small
vector Vo /VNa/ Ve, i.e., (221)/(122)/(212)

Vit
i Lyly

3
PHE = —Re < Ts

2y

As shown in Fig. 8(b), the minimum value of PV port power

Prrmin can be achieved when all positive small vectors are used.

In the case of rate ac power, P, = Py + Py, should be satisfied.

Where P is the rated ac power. Hence, Prrmin can be calculated
as

>7y=2,4,6~ (N

* 3 -~
Primin = Py — §Re(z(pr + Vpyt1))

- 3 ke (i(VLyty + Viysatyii)

€ 91—~ T,

®)

Considering that (211) shows lower power losses than (221)
in Sector I, (211) is set to have priority in the power distribution
process. In summary, the selected negative small vectors in the
power distribution process are shown in Table I'V. Due to the odd

),y:1,3,5.
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TABLE IV
SELECTED NEGATIVE SMALL VECTORS IN POWER DISTRIBUTION PROCESS

Sector I 11 11T 1% A% VI
Primary (211) (121) (121) (112) (112) 211)
Secondary  (221) _(221) (122) (122) (212) (212)
Start
i ¢ N
1)” S })[IO 9
W l
Fy2Py,,? Y P <P
o W
ko =0 Fyy =0

Out of range ’ Regulate &, Out of range
Duty cycle calculaltion

v

End

Fig. 9. Flowchart of the proposed power distribution strategy.

negative small vector Vn1/VNs/VnNs, ie., QLD/(121)/(112)
only switching once to zero vector (111), they are set to have
priority in the process of power distribution.

2) Power Distribution Flowchart: Fig.9 shows the flowchart
of the proposed power distribution strategy. The reference output
power of PV port P can be achieved by the power man-
agement strategy. Pj; should not exceed the power distribu-
tion range. When Pj; < Pyo, the reference PV port output
power can be only supported by the odd negative small vec-
tor VN1/Vns/ Vs, i.e., (211)/(121)/(112). In this case, only
regulating kno is required. Then, kxo can be expressed as

2T, P},

= = ].7 37 5. 9
3Re(iViyty) ®

kno
Once the reference power P;; > Pyo, the even negative small
vector Vna/Vna/ Ve, i.e., (221)/(122)/(212), has to partic-
ipate in supplying the PV port output power. The proportional
factor can be calculated as

o 27TS<PI§ - PHO)

g — , Ly =246
N T SRe((Vigty)

(10)
where kg is the proportional factor for regulating the even large
vector V Ly (y =2,4,6),0 < kg < 1.

3) Power Distribution Range Analysis: Fig. 10 shows the
power distribution range versus different dc-port voltage ra-
tios. The reference power of PV port Pj; should be within
the aforementioned power distribution range. Once Pj; is out
of the power distribution range, the modulation will fall outside
the linear zone. It can be seen from Fig. 10 that the dc-port
voltage ratios have a significant influence on the power dis-
tribution range. When vy < 7y, the minimum value of PV port
power is 0, i.e., the flexibility of power distribution is limited.
The power distribution range decreases with the increase of
the dc-port voltage ratio. The reason is that a large dc-port
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i k\,; =1 PHmax
1.4 By / F, |
Case Il Regulate &y,

HO l

w0 =Lk, =0 T ]

0.8

0.6-

0.4r

0.2r

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 10.  Power distribution range versus different DC-port voltage ratios.

voltage ratio would decrease the freedom of degree provided
by the small vectors. It is suggested to set the dc-port voltage
ratios as 0.35-0.65 to obtain a wider power distribution range.
The switching sequence is also determined by the power
distribution range. In case I, knyg = 0 should be satisfied, and
regulating kno is required. As a result, only the odd small vectors
(211) would be used in the output voltage vector synthesis. In
case II, regulating kg is required. Hence, even small vectors
(221) would be used in the output voltage vector synthesis.

D. Duty Cycle Calculation for Upper and Lower Legs

Asshownin Fig. 9, duty cycle calculation should be conducted
after parameter design. For the sake of simplicity, only the duty
cycles in Sector I are discussed. The duty cycles for negative
small vectors can be calculated as follows:

dno = —kbﬁtl

Y

kngt
dne = 2F2

where dno/dng indicates the duty cycle for the odd/even nega-
tive small vector.

In Sector I, the switching states in phase a are 2 and 1. Then,
the duty cycles in phase a can be expressed as follows:

dia=1
dy, = dNO+dNE

where dy,/dy, is the duty cycle for S,1/Ss2. Then, the duty
cycles in phase b can be expressed as follows:

- t1/To—d
{dLb 1- 4 . NO

(12)

de it (13)

dop, =
Hb By

where dgp,/drp is the duty cycle for Sy /Spe. In Sector 1, the
switching states in phase c are 1 and 0. Then, the duty cycles in
phase c can be expressed as follows:

(t1+t2)/Ts—dno—dne

dpe=1- Lo

dre.=0

(14)

where dp./dr. is the duty cycle for S¢;/Seo.
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Oscilloscope Micro LabBo:
dSPACE

Fig. 11.  Experimental test platform.

TABLE V
PARAMETERS OF THE TEST SYSTEM

Battery port voltage
PV port voltage

0,=150-250V
v, =400V

DC-side capacitance C1 = C2=4920uF
LC- filter inductance Ly /R1=3mH/0.4Q
LC-filter capacitance C=15uF

Sampling time/frequency Ts=100us/ fs=10kHz
Reference grid voltage V=110V
Reference grid frequency fg=50Hz
Reference grid active power P .=1000W
Reference grid reactive power » .=Ovar

It can be concluded that the proposed strategy is easy to
implement due to the complicated calculations caused by the
uneven space vector diagram being avoided. Moreover, flexible
power allocation of between the PV unit and battery can be
achieved by decomposing the reference voltage vector.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experimental Test Platform Description

To verify the effectiveness of the proposed strategy, a down-
scale experimental test platform is established in the laboratory.
Fig. 11 gives the experimental test platform. The PV-battery hy-
brid systems are simulated by two bidirectional programmable
dc sources (IT6526 C and KEYSIGHT RP7961 A). In this study,
the voltage of the PV port is set as 400 V, and the voltage of the
battery port is set as 150-250 V. The SDI is implemented by
three insulated-gate bipolar transistor power modules (Infineon
F3L75R07W2E3). The ac grid is operated in islanded microgrid
mode, and the ac load is connected to the SDI via the LC
filter. The power analyzer WT1803E is used to calculate system
efficiency. The controller Micro LabBox dSPACE DS1202 is
used to conduct the proposed strategy, and a Xilinx is adopted
to output the gate signals for switches. The control frequency and
switching frequency are both set as 10 kHz. All the experimental
results are captured by an eight-channel oscilloscope. Parame-
ters of the test platform are shown in Table V. The reference ac
active/reactive power is set as P, = 1000W/Q;, = Ovar.
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(a)

Fig. 12.
phase voltage v, n /vpN /ve N, and grid voltage/current wgq /igq.

|LvaN 2 iv)

Steady-state results under variable DC-port voltages. (a) v1 > va. (b) v1 = va. (¢) v1 < v2. From top to bottom, waveform is line-to-line voltage v,p,

KW\{— T 'k?) Vi
. (200V/div) v}(soowdw v U\U VAVAVAVA x\/ v

i omydy R

(10ms/div) P, ="100W | by (10ms/div) __»F, Z1000W a4
Laoaay > mow |\ N N s o M\
L k

MVJ)M/

(,‘\ , . / - . - Ha = NO .
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- m@m**7b”~

(a) (b)

Fig. 13. Powerdistributionresults under Pr; < Pj.(a) DC-port output power
Py /Py, grid voltage/current 1y, /744, and line-to-line voltage vgy,. (b) Duty
cycle dp,/du, and parameter kno /kNg-

B. Steady-State Performance

To verify the effectiveness of the proposed strategy, the
steady-state tests under variable dc-port voltages and different
power distribution are carried out.

1) Steady-State Performance Under Variable DC-Port Volt-
ages: Fig. 12 shows steady-state results under variable dc-port
voltages: (a) v; > va, (b) v1 = va, (c) v1 < vo. From top to
bottom, waveform is line-to-line voltage v,;, phase voltage
VN /UbN /Ven, and grid voltage/current wg, /4,. The voltages
of battery portare setas 150 V,200 V, and 250 V in Fig. 12(a)—(c).
The unbalanced line-to-line and phase voltages are caused by
the variable dc-port voltages. The steady-state tests in Fig. 12
are conducted in the case of rated active/reactive power, i.e.,
Py, = 1000W/Q;. = Ovar. Although the dc-port voltages are
unbalanced, desirable grid voltage and current can be achieved.
Therefore, the proposed strategy is effective for unbalanced
dc-port voltage conditions.

2) Results of Power Allocation Under v1 < vy: Figs. 13— 15
show the different power distribution results under Py < P,
Py = P,., and Py > P,.. These tests are conducted under
the reference ac grid power conditions, i.e., P, = 1000 W,
Qac = 0 var. In Fig. 13, the PV unit and battery are used to
supply the ac grid together, i.e., Py = 700 W, P, = 300 W. The
PV unit is utilized to support the ac grid alone in Fig. 14, i.e.,
P =1000 W, Pr, =0 W. In Fig. 15, the PV unit is adopted
to supply ac grid and charge the battery simultaneously, i.e.,
Py = 1200W, P;, = —200 W. The results of duty cycle di o /dua
and parameter kno/kng are also consistent with the theoretical

(a) (b)

Fig. 14. Powerdistribution results under Pr; = Pj. (a) DC-port output power
Pr/ Pr, grid voltage/current ugq /%ga~ and line-to-line voltage vgp. (b) Duty
cycle dp,/du, and parameter kno /kNg-

lt0ms/div)  _ *

p :izbdw
R d \ \\/‘\/ @/\ \/\/ /\/\ \A/
LAOATIN 5k =200 |,

dy,

Fig.15. Powerdistributionresults under Pr; > Pjc. (a) DC-port output power
Py /Py, grid voltage/current wgq /744, and line-to-line voltage v,y (b) Duty
cycle dp,/du, and parameter kno /kNg-

Fig. 16.  Switching sequence in Sector I under different power distribution
cases. (a) Case I. (b) Case II.

analysis in Section III. Although the power distribution condi-
tions are variable, beneficial line-to-line/phase voltage and grid
voltage/current can be obtained. Hence, the proposed strategy
can distribute dc-port power flexibly.
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Fig. 17.  Dynamic performance of variable DC-port power under constant AC
grid power.

3) Results of Switching Sequence: Fig. 16 shows the switch-
ing sequence in Sector [ under different power distribution cases:
(a)casel, (b) case II. In Fig. 16(a), the switching sequence is 100-
200-210-211-210-200-100 in one switching cycle. In Fig. 16(b),
the switching sequence is 110-210-220-221-220-210-110 in one
switching cycle. Seven-segment PWM signals can be achieved
in Sector I. The experimental results of the switching sequence
are consistent with the theoretical analysis in Section III. The
odd small vector (211) and even small vector (221) are used in
case I and case II, respectively.

C. Dynamic Performance

To verify the dynamic performance of the proposed strategy,
the variable dc-port power and ac grid power tests are carried
out.

1) Dynamic Results of Variable DC-Port Power Under Con-
stant AC Grid Power: Fig. 17 shows the dynamic performance
of variable dc-port power under constant ac grid power, which
indicates the conditions of variable PV generation. As shown in
the zoom-in figure on the left, Py changes from 1200 to 700 W,
and Py, changes from —200 to 300 W. Similar dynamic results
can be realized in the zoom-in figure on the right. Although
dc-port power has been changed, grid voltage/current w4 /144
and line-to-line/phased voltage v, /v, N are stable as desired.
It can be concluded that the proposed strategy has fast dynamic
performance under variable dc-port power cases.
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Fig. 18.  Dynamic performance of variable AC grid power tests under constant
PV generation.

2). Dynamic Results of Variable AC Grid Power Tests Under
Constant PV Generation: Fig. 18 shows the dynamic perfor-
mance of variable ac grid power tests under constant PV gener-
ation. The PV output power is regulated as a constant value, i.e.,
Py = 1000 W. P,. changes from 375 to 1000 W in the zoom-in
figure on the left, and P,. changes from 1000 to 375 W in the
zoom-in figure on the right. The battery is used to compensate
for the power difference between Py and P,.. The grid current
1gq changes quickly when the ac grid power changes. Although
the ac grid power has been changed, grid voltage v , and phase
voltage v, v keep stable. Therefore, the proposed solution offers
smooth dynamic performance in the case of variable ac grid
power.

D. Comparison With Conventional Power Distribution
Strategies

To verify the advantages of the proposed method, comparisons
with conventional SVM-based power distribution methods are
carried out. Three different conventional methods are conducted.
Method 1 is the virtual SVM in [33]. Method 2 is the modified
SVM in [34]. Method 3 is the decoupled model-based modula-
tion in [35]. For a fair comparison, the tests are conducted with
the same physical parameters, and the grid-side controller is also
designed with the same gain constant and bandwidth. In this ar-
ticle, comparisons include underlying principles, computational
burden, steady-state/dynamic performance, current quality, and
system efficiency.
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Fig. 20.  Execution time of different power distribution methods.

1) Underlying Principle Comparison: Fig. 19 illustrates the
power distribution underlying principle comparison: (a) method
1, (b) method 2, (c) method 3, (d) proposed method.

In conventional methods, the modeling for the inverter system
under asymmetric vector diagrams is required. Moreover, a PI
controller is used to track Pj; and generate the power distri-
bution factor for the SVM. In summary, the conventional PI
control-based methods realize power distribution in an indirect
way [33], [34], [35]. As shown in Fig. 19(d), the proposed
method can obtain direct power distribution in the modulation
layer without inverter modeling and outer loop control. From the
perspective of the power distribution underlying principle, the
proposed method simplifies the control algorithm effectively.

2) Computational Burden Comparison: Fig. 20 gives the
execution time of different power distribution methods. The
execution time of different methods is tested by dSPACE Con-
trolDesk. Different power distribution methods spend the same
amount of time to carry out A/D conversion, data filtering,
communication, protection module, and so on. The conventional
methods show longer execution times to realize power control
than the proposed method. Method 1 shows the longest execution
time due to the uneven voltage vector being directly used in
the modulation process. Due to the power distribution control
algorithm being simplified, the proposed method shows the
shortest execution time.
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Fig. 21.  Steady-state errors of PV port power using different methods. (a)
Power tracking error of conventional PI control-based methods. (b) Power
tracking error of the proposed method.
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Fig. 22.  Dynamic results of different methods under variable DC-port power
tests. (a) Dynamic results of conventional PI control-based methods. (b) Dy-
namic results of the proposed method.
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waveform is grid current 74, graphs of THDs, and phase voltage v, N -
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TABLE VI
EXPERIMENTAL RESULTS OF DIFFERENT POWER DISTRIBUTION STRATEGIES FOR SDI

REF Method Execution time (us)  Steady-state Fyys (%)  Dynamic ¢, (ms)  Current THD (%)  Average efficiency (%)
[33] Method 1 30.0 1.16 16 2.27 97.61
[34] Method 2 29.6 1.16 16 2.26 97.62
[35] Method 3 29.7 1.16 16 2.36 97.21
- Proposed 28.3 0.29 0.2 2.26 97.62

3) Steady-State/Dynamic Performance Comparison: In this
comparison, methods 1, 2, and 3 are conducted with the same PI
controller parameters. Fig. 21 gives the steady-state errors of PV
port power using different methods: (a) power tracking error of
conventional PI control-based methods, (b) power tracking error
of the proposed method. The steady-state comparison tests are
conducted in the case of Py; = 1000 W. In Fig. 21, the power
tracking error I, is defined as I, = Py — Pj;. The relative root
mean square (RMS) error Ei is used to describe the control
accuracy, which can be calculated as:

[ Ep|l2

100%.
P~ 1007

Erms =

(15)

As shown in Fig. 21, the Es of the conventional PI control-
based methods and the proposed method are 1.16% and 0.29%,
respectively. Fig. 22 gives the dynamic results of different meth-
ods under variable dc-port power tests: (a) dynamic results of
conventional PI control-based methods, (b) dynamic results of
the proposed method. The transient times ¢, of conventional
methods are around 16 ms. The transient time ¢,- of the proposed
method is 0.2 ms.

Figs. 21 and 22 indicate that the proposed method shows
better steady-state and dynamic performance than conventional
methods. The reason is that power distribution can be directly
realized in the modulation layer without the additional power
control loop.

4) Current Quality Comparison: Fig. 23 shows the current
quality comparison between different methods: (a) method 1,
(b) method 2, (c¢) method 3, (d) proposed method.

These tests are conducted with v; < v5 in the case of Py =
P, It can be concluded from the phase voltage that method
1, method 2, and the proposed method output seven-segment
PWM signals. Method 3 generates nine-segment PWM signals.
The graphs of THDs are also added in Fig. 23. The THDs of
conventional methods are 2.27%, 2.26%, and 2.36%. And the
THD of the proposed method is 2.26%. The higher THD in
method 3 is caused by the nine-segment PWM signals. Hence,
the grid current quality of the proposed method, method 1, and
method 2 is better than that of method 3.

5) System Efficiency Comparison: Fig. 24 shows the power
analyzer-based system efficiency test circuit. Wy and Wy, are
the output power of the PV-battery hybrid system. Wac; and
Wc2 are the active power on the ac side. The efficiency results
are obtained by the power analyzer YOKOGAWA WTI1803E,
which can be calculated as

_ Wac1 + Wace

s = 16
Ui Wo £ W, (16)

SDI

WT 1803E
Fig. 24.  Power analyzer-based system efficiency test circuit.
98.5 o Prooo. 5
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97.51
1 ‘ ‘ ‘
96.5
0. 35 0.4 0.45 0.5 0.55
Fig. 25. System efficiency of different power distribution methods under

variable DC-port voltage ratio ~.

Fig. 25 shows the system efficiency of different power distribu-
tion methods under variable dc-port voltage ratio . As shown
in Fig. 25, the efficiency of method 3 is around 0.4% lower than
that of methods 1, 2, and the proposed method. The lower system
efficiency of method 3 is caused by the high-loss phase voltage
in Fig. 23. The efficiency of the proposed strategy is as high as
that of methods 1 and 2.

The experimental results of different power distribution strate-
gies for SDI are summarized in Table VI, including the execution
time, steady-state Fyns, transient time ¢,., grid current THD,
and average efficiency. Not only is the steady-state/dynamic
performance effectively improved by the proposed method, but
desirable grid current quality and system efficiency can also be
obtained.

V. CONCLUSION

In this article, a direct power distribution strategy is proposed
for SDI, which achieves flexible power control via the mod-
ulation technique by decomposing the reference voltage into
large and small vectors. The analytical relationship between
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dc-port power and split vector offers a detailed parameter guide-
line for power distribution control. Compared to conventional
SVM-based power distribution strategies, the proposed direct
power distribution strategy has effectively reduced the algorithm
execution time and improved the steady-state/dynamic response.
In addition, high-quality grid current and high system efficiency
can be achieved. The proposed method focuses on the dc-port
active power allocation and can also handle nonunity power
factor conditions.

However, the leakage current caused by the common mode
voltage is not mentioned in this article, which causes electromag-
netic interference and even system safety problems. In the future,
the common-mode voltage suppression will be conducted.
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