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An Optimal Zero-Sequence Component Injection
Method With Reduced Low-Frequency Voltage and
Current Ripples for Improved Three-Phase
Three-Level Multiport Converter

Nengmou Xu
Qingxin Tian

Abstract—TIt is a desirable solution to integrate photovoltaic (PV)
and energy storage (ES) into ac grid using a multiport converter
due to its high efficiency and reliability. In this article, an im-
proved three-phase three-level multi-port converter (TPTL-MPC)
is presented for the PV, ES, and grid-connected hybrid systems,
which can effectively reduce power conversion stage, thereby fur-
ther enhancing overall system efficiency. Moreover, an optimal
zero-sequence component (ZSC) injection method is proposed to
reduce inductor current ripple under active power, reactive power,
and different operational modes and dc port voltage. Meanwhile,
the proposed optimal ZSC injection method can also reduce low-
frequency voltage and current ripples of the PV port and ES port,
which is beneficial for reducing the filter capacitors at the ports.
To accommodate the voltage variation of PV and ES, dc voltage
ratio-based sinusoidal pulsewidth modulation and its digital im-
plementation for improved TPTL-MPC are proposed. The smooth
switching between the various operational modes is also realized
by the control strategy. Finally, the experimental results have been
provided to confirm effectiveness and feasibility of the improved
TPTL-MPC based on the proposed optimal ZSC injection method.

Index Terms—Grid-connected system, improved three-phase
three-level multiport converter (TPTL-MPC), photovoltaic (PV)
and energy storage (ES), zero-sequence component (ZSC)
injection.

I. INTRODUCTION

HE integration of energy storage (ES) systems, such as bat-
teries, with photovoltaic (PV) is essential to ensure stable,
reliable, and smooth power supply, due to the unpredictability
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and variation of PV [1], [2], [3]. Combining the PV energy with
the ES devices for grid-connected transmission is one of the most
widely applied applications in hybrid dc/dc/ac systems [4], [5],
[6]. The ES devices can absorb the excess energy released by
the PV when the solar power is abundant, and provide energy to
the grid when the solar power is insufficient. Consequently, the
converters connecting these ports are important and primarily re-
sponsible for achieving maximum power point tracking (MPPT)
or constant voltage control of the PV port, the bidirectional
power flow control of the ES port and grid port [7], [8], [9].

In the conventional two-stage solution for PV and ES and
grid-connected applications, each dc or ac port is served by
an individual converter, and these converters is interconnected
through a common dc-bus or ac-bus [10], [11]. The conventional
two-stage solution based on dc-bus architecture and three-level
neutral-point-clamped (3L-NPC) structure is shown in Fig. 1.
Obviously, the advantage of this configuration is the indepen-
dent control of each port, with low coupling among ports [12],
[13]. The primary drawback of a two-stage solution lies in the
necessity to process all power twice, resulting in reduced overall
efficiency and increased costs due to excessive requirements for
power converters [14], [15], [16]. To reduce the number of con-
verters and the stages of energy conversion, and enhance system
efficiency in a conventional two-stage solution, an effective solu-
tion is to implement a system architecture based on three-phase
dc—dc—ac multiport converter (MPC) [17]. This configuration
integrates multiple power ports, specifically including the PV
port, ES port, and three-phase grid port. Neira et al. [ 18] propose
three-port full-bridge bidirectional converter to interconnect two
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Fig. 2. Basic topologies of the three-phase 3L-NPC for multiport converter.
(a) Diode-NPC. (b) Active-NPC. (c) T-type NPC.
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Fig.3. Several structures of MPC based on three-phase 3L-NPC. (a) Structure
L. (b) Structure II. (c) Structure III. (d) Improved structure.

dc ports with a single-phase or three-phase ac port. The topology
employs fewer components to achieve integration of the PV, ES
and three-phase grid port, but it is characterized by relatively
large inductor current ripples and complex control method.

Furthermore, the MPCs based on three-phase 3L-NPC topolo-
gies are currently recognized as one of the most significant solu-
tions. As shown in Fig. 2, the basic topologies of the three-phase
3L-NPC suitable for MPC include diode-NPC, active-NPC and
T-type NPC, which have three dc ports and a three-phase ac port.
To utilize this characteristic, several MPCs based on three-phase
3L-NPC and their advanced modulation and control methods
are investigated in existing literatures [19], [20], [21], [22],
[23]. These structures of MPCs based on three-phase 3L.-NPC
are classified into three types, [19], [22], [23], as shown in
Fig. 3(a)—(c), respectively. The existing three structures of MPC
based on three-phase 3L-NPC can significantly reduce the count
of component, compared to the conventional two-stage solution
(as shown in Fig. 1). Wang et al. [19] propose a dual-dc-port
dc—ac converter with virtual space vector pulse width modula-
tion based flexible power control for PV-battery hybrid systems,
in which the bus is connected to the PV, and the low-voltage
port is connected to the battery. And the structure I of [19] is
shown in Fig. 3(a). This topology fully utilizes the advantages
of three-phase 3L-NPC topologies. Several excellent modified
modulations and advanced control strategies are proposed for
the structures I, such as [20], [21], etc.

Moreover, the structure Il is based on structure I, adding de—dc
unit among the battery and low-voltage port is shown in Fig. 3(b)
[22], with reducing common-mode voltage. And it enables more
flexible adjustment of the low-level voltage. However, it exhibits
the high degree of coupling, complex modulation and control
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strategy, and limited power control range. In addition, there are
relatively large voltage and current ripples in the PV and battery
ports, and the solution is usually to parallel capacitors at the
dc ports. In order to solve above problem, a multiport dc—ac
converter with differential power processing dc—dc converter
and its flexible power control is proposed in [23]. Based on the
structure in Fig. 3(a), a bidirectional buck-boost unit in Fig. 3(c)
is added to realize the differential power processing in [23].
However, this topology still presents the challenge of the grid
frequency (low-frequency) voltage and current ripples, and it
also needs higher dc voltage of the PV or battery. In [24], [25],
and [26], the higher bus voltage is supplied with the method of
connecting two dc port in series, which can reduce the dc voltage
requirements of the PV or battery. Moreover, there are different
voltage and current ripples under different dc port voltage and
modulation, which is not conducive to parameter designs of
the MPC:s. It also affects voltage and current ripples of the PV
and battery ports and smooth switching of several operational
states. The large voltage and current ripples are detrimental to
the service life of PV and battery, and can even lead to system
instability and other hazards [27].

All above the three structures in Fig. 3(a)—(c) require a high-
voltage dc port and a low-voltage dc port. For example, the
PV voltage should be more than twice the peak phase voltage
of grid. And the PV voltage should be greater than the battery
voltage. In order to solve above problem, the improved structure
is proposed, as shown in Fig. 3(d). Certainly, compared with
structure I in Fig. 3(a), an additional dc—dc unit has been added
in the improved structure, resulting in a slight increase in the
number of components. However, the improved structure can
reduce the voltage requirements of the exiting MPC. It only
requires that the sum of the battery voltage and the PV voltage
is greater than the value of the phase peak voltage. Obviously,
the improved structure exhibits relatively relaxed port voltage
constraints.

Inspired by state-of-the-art solutions in the aforementioned
literatures, the improved structure of three-phase three-level
MPC (TPTL-MPC) based on 3L-NPC is presented, as shown
in Fig. 3(d). Moreover, to reduce low-frequency voltage and
current ripples of the PV and battery, the optimal zero-sequence
component (ZSC) injection method is proposed. The major
contributions of improved TPTL-MPC and proposed optimal
ZSC injection method are summarized as follows.

1) The improved TPTL-MPC based on bidirectional dc-dc
unit and three-phase 3L-NPC unit is presented, which can
reduce power conversion stage and voltage requirements
of the PV and battery ports. The dc voltage ratio-based
sinusoidal pulsewidth modulation (DVR-SPWM) and the
easy digital implementation method are also proposed.

2) The optimal ZSC injection method is proposed, which
eliminates inductor current low-frequency ripple under
active power, reactive power, different operational modes
and dc port voltage. It can also effectively reduce voltage
and current ripples of the PV and battery, which can reduce
input capacitor and enhance reliability of dc ports.

3) Combining improved TPTL-MPC, the proposed DVR-
SPWM and optimal ZSC injection method, the relaxed
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Fig. 4. Topology of improved TPTL-MPC.

port voltage constraints, the lower degree of coupling,
wide power range, lower total harmonic distortion (THD)
of grid current, and the higher efficiency are also achieved.
4) The MPPT of PV and bidirectional power flow for ES
port and three-phase grid port can be realized, and smooth
switching between the various operational modes is also
realized by the control strategy of improved TPTL-MPC.
The rest of this article is organized as follows. In Section II,
the operational principle and DVR-SPWM of improved TPTL-
MPC are analyzed in detail. Section III introduces the inductor
current ripple analysis, investigation into impact of ZSC injec-
tion method on the inductor current low-frequency ripple, the
proposed optimal ZSC injection method, and control strategy.
Comparison results and analysis for other TPTL-MPCs and ZSC
injection methods are given in Section I'V. The effectiveness and
feasibility of improved TPTL-MPC and its DVR-SPWM, the
proposed optimal ZSC injection method, and control strategy
are validated by the experimental results in Section V. Finally,
Section VI concludes this article.

II. OPERATIONAL PRINCIPLE AND DVR-SPWM OF THE
IMPROVED TPTL-MPC

A. Operational Modes and Principles of Improved TPTL-MPC

The topology of improved TPTL-MPC based on a bidirec-
tional buck-boost unit and a three-level T-type NPC unit is
presented for the PV, ES, and grid hybrid systems, as shown
in Fig. 4. The two low-voltage ports of three-level T-type NPC
unit are connected to the PV and battery, respectively. The dc
bus voltage is provided by the PV port and the battery port in
series. And the two dc ports are connected through a bidirectional
buck-boost unit, which can regulate the power between two dc
ports.

The improved TPTL-MPC is based on an improved structure
in Fig. 3(d). Compared with the conventional two-stage solution
inFig. 1, the improved TPTL-MPC reduces one dc—dc converter,
a feature shared with structure II and structure III in Fig. 3,
thereby achieving a favorable balance between a relatively low
device count and high degree of control flexibility. And the
improved TPTL-MPC can also reduce the voltage requirements
in the PV and battery port. Furthermore, the T-type three-level
NPC (twelve switches) employs fewer semiconductor devices
than the active-NPC (eighteen switches) and the diode-NPC
(twelve switches, six diodes). Of course, the active-NPC and
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Fig. 5. Operational modes and circuit states of improved TPTL-MPC during
various modes. (a) PV to battery mode. (b) PV to grid mode. (c) Battery to grid
mode. (d) Grid to battery mode. (e) PV to battery and grid mode. (f) PV and
battery to grid mode. (g) PV and grid to battery mode.

the diode-NPC have advantages in reducing voltage stress for
the higher voltage scenario.

The improved TPTL-MPC experiences a variety of opera-
tional modes based on the statuses of the PV, ES, and grid in
practical applications. And the operational modes and circuit
states of improved TPTL-MPC during various modes are illus-
trated in Fig. 5, encompassing seven distinct scenarios where
any of these ports may either disconnect or experience changes
in output power. For the convenience of expression, the power
of PV, ES and grid are respectively defined as Ppy, Pgs, and
P¢. The relationship between them can be given as

By + Pgs + P =0 (D
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where the positive power of these ports indicates that energy
flows from the ports to the improved TPTL-MPC, and the
negative power indicates that the energy flows from the improved
TPTL-MPC back to the ports. Moreover, the Pp+; is greater than
or equal to zero, while the power capacity of the ES and grid
is variable. As illustrated in Fig. 5, the operational modes and
circuit states of improved TPTL-MPC during the various modes
are analyzed as follows.

1) PV to battery mode: As shown in Fig. 5(a), the grid and
T-type NPC unit is idle. The energy of PV is transmitted
to the battery through the bidirectional buck-boost unit,
and MPPT of PV is realized.

2) PV to grid mode: As shown in Fig. 5(b), the battery is
idle. The MPPT of PV is realized by the bidirectional
buck-boost unit. Moreover, the bus voltage is controlled
constant, and the grid-connected is achieved by three-level
T-type NPC unit and control strategy.

3) Battery to grid mode: As shown in Fig. 5(c), the PV is
idle. And the bus voltage is controlled constant by the
bidirectional buck-boost unit. Meanwhile, grid-connected
control is achieved through a three-level T-type NPC unit.
The battery supplies power to the grid, with the battery in
discharge state and the grid in inverter state.

4) Grid to battery mode: As shown in Fig. 5(d), the PV is
idle. And the bus voltage is controlled as a constant by
the bidirectional buck-boost unit. Meanwhile, the grid-
connected control is achieved through a three-level T-type
NPC unit. The grid supplies power to the battery, with the
battery in charge state and the grid in rectifier state.

5) PV to battery and grid mode: As shown in Fig. 5(e), the
PV, battery, and grid are all available. The PV power is
sufficient, and the energy from PV is transmitted to grid
through a three-level T-type NPC unit, while the residual
energy of PV is transmitted to the battery through the
bidirectional buck-boost unit. The MPPT of PV and the
grid-connected control are also achieved by a bidirectional
buck-boost unit and three-level T-type NPC unit.

6) PV and battery to grid mode: As shown in Fig. 5(f), the
PV, battery and grid are all available. The PV power is
insufficient, and the energy from PV and battery is trans-
mitted to grid. The MPPT of PV and the grid-connected
control are also achieved by bidirectional buck-boost unit
and three-level T-type NPC unit.

7) PV and grid to battery mode: As shown in Fig. 5(g), the
PV, battery, and grid are all available. This is a special case
in which the PV power and the grid power are coordinated
to address situations involving battery energy shortages or
excessive energy supply from the power grid.

It should be noted that the purple arrow and the green arrow

in operational modes and circuit states of Fig. 5 indicate the
direction of power flow.

B. Proposed DVR-SPWM of Improved TPTL-MPC

According to the above-mentioned analysis, there exists un-
balance voltages for midpoint n. The reason is that the battery
voltage Vg, is not necessarily equal to PV voltage Vpy . In order

9741
T | “"“ AL _ A i
ot s ee
J WWU?_UWW_U_U_U{W i
i rronnn T I,
A Sas(~Sa3)
: nnooooon—
1A Si(=Sp2)
T OO e i
Spa(~Sps
A 10 ,,
]T Sci(~Sc2) " I .
i L0 y
i
| TBPRD TBPRD (st 1)/(1+ > Sy i
. (et (144 >—(§ Su. |
S
Fig. 6. (a) Waveform of proposed DVR-SPWM for the improved TPTL-MPC.

(b) Digital implementation diagram.

to solve the problem, the DVR-SPWM is proposed, which en-
ables timely adjustment of triangular carriers’ amplitudes based
on actual values of Vpy and Vp,;. To facilitate the theoretical
analysis, assuming Vg_rvs and Vg are the root-mean-square
(RMS) value and peak amplitude of the grid, and the angular
frequency of the grid w = 27f,,, where f, is grid frequency. For
the three-phase inverter with the DVR-SPWM, the relationship
between the Vi and the dc bus voltage Vg, is obtained as

1
Vka = inBus (2)

where the M is modulation index, and the Vg4 is equal to the sum
of PV voltage and battery voltage. Therefore, the modulation
index M and is calculated as follows:

_ 2Vpk
Vov + Viar

The key waveform of the proposed DVR-SPWM for improved
TPTL-MPC is shown in Fig. 6(a). The triangular waves u p and
uy are carrier of switches S, (~S;2)-Sz4(~S3) for three-phase
three-level T-type NPC unit, where x = A, B, C. And the
amplitudes of triangular carriers are adjusted timely based on
the port voltage coefficient A, according to Fig. 6(a). The coef-
ficient A of the proposed TPTL-MPC is theoretically analyzed
as follows. When the battery voltage is equal to PV voltage,
DVR-SPWM is equivalent to traditional carrier modulation, and
peak-to-peak value Vp_p,, of the upper triangular carrier up is
equal to peak-to-peak value V y_p, of the upper triangular carrier
uy. When the battery voltage is less than the PV voltage, the
Vp_pp 18 less than Vy_p,,. Similarly, the Vp_p, is greater than
Vn-pp» When the battery voltage is greater than the PV voltage. It

3
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Fig. 7. Waveforms of triangular carrier and modulated wave in (a) theoretical
analysis and (b) digital controller.

is worth noting that the sum of the peak-to-peak values Vpn_pp,
of the two triangular waves, as well as the Vp_,, and Vi,
correspond to the Vps, VBat, and Vpy, respectively. According
to the proportional relationship, the relationship between the
Vp-pps Vn-pps and Vpn.pp can be expressed as follows:

fopp : Vprp : VPprp = VBar : Vv @ Vius- “4)

In theoretical analysis, the maximum and minimum values of
the triangular waves are typically set to 1 and —1 (normalization

method), respectively. Therefore, Vpn_py, is equal to 2 in Fig. 6.
And the coefficient A can be calculated

2VBa  2Vpy
Ve oot VNeop : VPNopp = —— 12
P-pp N—-pp PN—pp Vau Vaus
2VBat 2Vpy Vev — VBat
= A1=1- =—-1+ A=—— (5
VBus VBus VPV + VBat ( )

According to (5) and Fig. 6, the amplitudes of the two trian-
gular waves change in real time as the PV and battery voltages
change. This is not favorable for digital controllers. In order
to efficiently implement DVR-SPWM in a digital controller, a
fixed-amplitude triangular wave is utilized as the carrier signal,
while the sinusoidal wave is processed to obtain the modulated
signals. Subsequently, both the carrier and modulated signals
are fed into a comparator for easy generation of switch gate
signals. The digital implementation diagram of DVR-SPWM
is illustrated in Fig. 6(b), where the TBPRD represents the
time-base period register of the digital controller, indicating the
amplitude of triangular waveform.

Moreover, in theoretical analysis, the amplitude of triangular
carrier is typically normalized to 1, with ranging from O to 1,
corresponding to the duty cycle of switching signal, as illustrated
in Fig. 7(a). However, in digital controller, the triangular carrier
does not exhibit ideal continuous characteristic (discretization),
as shown in Fig. 7(b). And the step size Atk of the triangular
carrier is fixed and determined by the system clock frequency
of the digital controller. For each step Afcpk change in the
horizontal coordinate (time), the value of the triangular carrier
increases or decreases by 1 (AVy; = 1 or —1). The system
clock frequency is fork (corresponding to minimum time step
Atcrk = lfcLk), and the switching frequency is f5 (T's = 1/fs).
Therefore, the TBPRD of the digital controller can be calculated
as

T ferk

1=
AtCLK

TBPRD =
2fs

—1. )

l\DM—l
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Fig. 8.  Equivalent circuits of A-phase in different switching states. (a) u4 >,
state L. (b) u 4 >A, state IL. (c) uq <A, state L. (d) u 4 <A, state II.

It should be noted that the value of triangular carrier ranges
from O to TBPRD in digital controller. Consequently, the —1
term is included in (6). Furthermore, as shown in Fig. 7, the
amplitude of triangular carrier is scaled from 1 to TBPRD. And
modulated wave should also be multiplied by TBPRD.

III. PROPOSED OPTIMAL ZSC INJECTION METHOD AND
CONTROL STRATEGY

A. Midpoint Current Analysis of Improved TPTL-MPC

For purpose of analysis, assuming the displacement angle
between grid voltage and current is ¢, and the peak amplitude
of grid current is /gpx. Therefore, initial sinusoidal modulated
signals u 4, up, uc, the three-phase grid current i 4, ip, i and
grid voltage v 4, v g, v ¢ are mathematically described as follows:

A = M sin(wt)
up = M sin(wt — 27/3) (7
uc = M sin(wt + 27/3)

va = Vopk sin(wt)
vp = Vgpk sin(wt — 27/3)
ve = Vopk sin(wt + 27/3)

ia = Igpk sin(wt + @)
iB = Ika sin(wt — 27T/3 + 50)
ic = Ika sin(wt + 271’/3 + CP)

®)

Similar to analytical approach employed for conventional
T-type NPC inverters, the key distinction lies in the fact that
voltages of two low-voltage ports are not necessarily equal.
Assuming the midpoint current is i,,, as shown in Fig. 4. The
equivalent circuits of A-phase in different switching states are
illustrated in Fig. 8, and the green arrow denotes the probable
direction of grid current flow. According to the relationship be-
tween u 4 and A, there are two cases, each of which has two states.
However, the equivalent circuits depicted in Fig. 8(a) and (c) are
identical. Consequently, the equivalent circuits of A-phase in
different switching states include three types. Obviously, when
the switches S, and S,3 of the improved TPTL-MPC are all
turned on, the three-phase grid currents i 4, i, i - flow through
the midpoint n. Combined with Figs. 6 and 8, the d, (x = A
B, C) are defined as the duty cycle at which both S, and S,3
are turned ON simultaneously. And the d, can be determined
through the mathematical calculations. The grid current can
be approximated as constant value during a switching cycle.
And the i,, and d,, of improved TPTL-MPC can be theoretically
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Fig. 9. Low-frequency ripples of midpoint current i,, at different A and .
(a) ¢ = 10°,0, —10° when . = 0. (b) A = 0.2, 0, —0.2 when ¢ = 0.

expressed as follows:

1—u
S Up > A
= Y dyiyd {H&; N C)
z=A,B,C T+ 0 U

It can be seen from the above-mentioned equations that the
midpoint current i, is only related to three-phase sinusoidal
modulated signals u 4, up, uc, three-phase grid currents i 4, i,
ic, and coefficient A. In order to display characteristics of i,,
Fig. 9 shows low-frequency ripples of midpoint current i, at
different A and ¢. The results indicate that the ¢ influences the
phase of i, when A = 0 (indicating midpoint voltage balance), but
does not affect its amplitude. On the other hand, the imbalance
of midpoint voltage can cause dc bias in i,,. The primary reasons
are that when the Vpy exceeds Vg, (A>0), the greater current
flows from the midpoint n to grid. Conversely, combined with the
analysis in Figs. 6 and 8, when the Vg, surpasses Vpy (A<0),
the greater current flows from the grid to midpoint 7.

As illustrated from (9), the midpoint current i,, can be further
affected by altering sinusoidal modulated signals when Vpvy,
VBat and grid currents have been determined. This is also fun-
damental principle of ZSC injection method based on proposed
DVR-SPWM. Assuming ZSC is ug, and midpoint current i,
after injecting u( can be expressed as follows:

1- (ur‘ruo) JUp + Uug > A
—A
’LnO = E d;cola, x0 — 1+(uw+u0) g+ U < A
z=A,B,C T+2 z 0

(10)

Obviously, as illustrated in Fig. 6, the sinusoidal modulated
signals after injecting ZSC must not exceed the modulation index
limit, and can be described as

ug > —1 — uy
ug <1 —uy

12> up +up > —1${ (11)
The aforementioned equation can be simplified to determine
the range of ZSC as follows:

— Umin, Umin = min(uAa up, UC)

uo = =1 (12)
Uy < 1 — Umax, Umax = maX(UA,UB,UC)
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Fig. 10.
and grid are available. (b) Battery is unavailable. (c) PV is unavailable.

Equivalent circuits of midpoint n during various modes. (a) PV, battery

B. Inductor Current Ripple Analysis

The inductor current of improved TPTL-MPC mainly has two
parts, which include high-frequency (switch frequency) ripple
and low-frequency (grid frequency) ripple. According to Fig. 5,
the equivalent circuits of midpoint n are shown in Fig. 10 when
the grid is available. The high-frequency inductor current ripple
Al pr is fixed during various modes, and can be calculated
by

_ VBaVov
Ly fo(VBar + Vov)

where L, is the inductor, and f3, is the frequency of switches 0
and Q5. Moreover, the low-frequency inductor current ripple
during various modes is analyzed as follows.

1) PV, Battery, and Grid are Available: The power relation-
ship of PV, battery, and grid can be described as

Vey = L 13)

Pg = Fes + Ppv = Vealgar + VevIpy

=v4t4 +VBIB + Vcic (14)

where Ip,¢ and Ipy are current of the battery and PV, respec-
tively. According to Kirchhoff’s current law (KCL) for node n,
the inductor low-frequency current ir,_1 in this mode can be
obtained as

vAlA +vpip +voic — Vevipy

tp1 = Ipy — —in.
B VBat

2) PV and Grid are Available: Similarly, through the prin-
ciple of power balance and KCL, the inductor low-frequency
current i1}, 11 in this mode can be obtained as

15)

(16)
a7

Pe = Pey = Vpvlpy = vaia + vpip + vcic
io = Ipv — in.
3) Battery and Grid are Available: Similarly, through the

principle of power balance and KCL, the inductor low-frequency
current i}, 117 in this mode can be obtained as

Pg = Pgs = Vialpat = vaia +vpip +vcic  (18)

vAia +VBiB + Voic ;
i,
VBat

Obviously, based on the above-mentioned analysis, it should
be noted that the low-frequency ripples of the inductor, PV
and battery for improved TPTL-MPC originates from midpoint
current i,,.

ILp I = — (19)



9744
TABLE I
PROPOSED OPTIMAL ZSCS IN DIFFERENT AREA
Area ZSCs Relationship with 4
1-u 1+u, 1 u, 7
1 Aj Bj i +—< >). ug<i 2
G st M i a2k us<h, uc
1-u 1+u l+u —i.
11 A B ¢ < >1, ug<l, uc<i
M T e T it sy Wb b
1-u 1-u, 1+u, —i.
111 Aj +—2g c c SA uSh. U<l
T T O CI T T b wh uc
I+u, I—uy . +u( —ie N .
< >, <
Vo O T T ) ek ush uesd
v (1+uA l—uB uc N ic ) D we)
ATt ST k)
1+u, . 1+uB l U i ,
< <A >,
VI Qo T T Gy S sk ucz

C. Proposed Optimal ZSC Injection Method

It can be seen from (15), (17), and (19) that the inductor
current ripple ir, comes entirely from midpoint current i,,
regardless of operational modes for the improved TPTL-MPC.
Therefore, in order to suppress and reduce the low-frequency
voltage and current ripples, it is equivalent to eliminating ripple
of i,. According to (10), the i,, can be changed by injecting
ZSC ug. In order to reduce voltage and current ripples, the ug
can be injected into u, to make i,, = 0. As illustrated in Fig. 6,
the u, can be divided into six areas (Area-I to Area-VI) based
on relationship between u, and A. Combining Fig. 6 and (10),
assuming that there is no change in area division before and after
injecting ug, the ug can be calculated for Area-I

1 _
z=A,B,C
+1+('UJB+UO)Z. +1_(UC+UO)Z. 20)
1+ B 1—x o

The ug in Area-I can be simplified and obtained as
Area — 1 : ug

1—ua 1+up 1—uc
—-1A + B+ Ze}
== 7 L2 2 s > A up < A uc > A
lzf)\ + T
(21)

ol ey

Similarly, the proposed optimal ZSC u of other areas can be
obtained with same way, as shown in Table I. In addition, the i,,
isequal to zeroifua>A, up>A, uc>A, orug<i, up<i, uc<i.
And the ug is also equal to zero in above-mentioned two cases.

It is very important to note that the area division in Table I
is determined based on the intersection points of the modulated
wave u,(x = A, B, C) and L. However, there is a problem that
near the intersection of u, and A, the area division is inconsistent
before and after preliminary injection of ug, as shown in Fig. 12.
Using the proposed ZSC (calculated by Table I), after the pre-
liminary calculation and injection into the original sinusoidal
modulated signals, u,(x = A, B, C) is obtained. According to
the division in Table I, in the green area of Fig. 12, the division
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Scheme of the proposed optimal ZSC injection method.
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Fig. 12. Key waveforms of proposed optimal ZSC injection method.

is inconsistent before and after the injection of the first ZSC.
Therefore, after one ZSC calculation, the low-frequency ripple in
the green area of 1,1 (x = A, B, C) cannot be effectively reduced.
In order to solve above-mentioned problem, the u consists
of two parts with using the proposed optimal ZSC in Table 1.
The scheme of the proposed optimal ZSC injection method is
shownin Fig. 11, and its key waveforms are illustrated in Fig. 12.
First of all, the preliminary ZSC u; is calculated through Table I,
which can make the midpoint current #,, to zero in the part of the
same area before and after injection of #;. And the preliminary
modulated signals u,; are equivalent to u,+u;. Obviously, the
area division in the green area of u 41, up1, uc1 (as shown in
Fig. 12) is inconsistent before and after injection of u;. Second,
the secondary ZSC us is calculated through Table I, which can
make the midpoint current i,, of the green area of u a1, upi,
uc1 to zero. Finally, the proposed optimal ZSC u is equivalent
to u;+uo, which needs to be limited within the range of (12).
And the three-phase sinusoidal modulated signals u 42, U2, U2
after injection of the proposed optimal i is shown in Fig. 12.
In addition, according to Table I, it can also be seen that
the proposed optimal ZSC is not related to the peak current
of the grid, but is related to the displacement angle between grid
voltage and current. Since the proposed optimal ZSC injection
method includes the phase information of the grid current, it
can reduce the low-frequency voltage and current ripples of
improved TPTL-MPC at different power factors (PF) within the
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Fig. 13.  Relationship between the battery voltage, the PV voltage and coeffi-
cient .

range [as shown in (12)] of the proposed optimal ZSC. Mean-
while, the proposed optimal ZSC injection method also contains
voltage information [as shown in (5)] of the PV and battery.
As illustrated in Figs. 5 and 10 along with the corresponding
analysis, the low-frequency ripple originates entirely from the
midpoint current in all operation modes of improved TPTL-
MPC. By applying the proposed optimal ZSC injection method,
the midpoint current ripple in all operation modes depicted in
Fig. 5 can theoretically be eliminated. Therefore, the inductor
current ripples can be effectively reduced, and the current ripples
of PV and battery for the improved TPTL-MPC can also be
suppressed in various operational modes. In addition, the actual
effectiveness of low-frequency ripple suppression based on the
proposed optimal ZSC method will be demonstrated in the
experimental validation of Section V.

D. Limitation Analysis of Coefficient A for the Proposed
Optimal ZSC Injection Method

Based on the principle that the bus voltage Vg, is equal to the
sum of the battery voltage Vg, and the PV voltage Vpy for the
proposed TPTL-MPC, the coefficient A in (5) can be calculated
as follows:

2V4 2VRa
=BV g VB Ve < V). (22)

A= <
VBus Bus

Theoretically, the range of the coefficient A is [—1, 1]. More-
over, when any two sinusoidal modulated signals (14, up, uc)
are equal, the values of corresponding sinusoidal modulated
signals are 0.5 M or —0.5 M. And the maximum and mini-
mum values of sinusoidal modulated signals are M and —M.
Therefore, based on the relationship of modulation index M and
coefficient A, the range of the coefficient A can be divided into
six segments, which includes [1, —M], (—M, —M/2], (—M/2, 0],
(0, M/2], (M/2, M], (M, 1].

According to (22), the battery voltage and PV voltage can be
expressed

1+ 1-—

A
‘/PV = TVBuw VBat = TVBus-

Based on (23), Fig. 13 shows the relationship between the
battery voltage, the PV voltage and coefficient A. It should be

(23)
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noted that the too small M will result in low utilization rate of
dc bus voltage. Generally, the selection of M needs to take into
account both the voltage regulation margin and the utilization
rate of dc bus voltage. The M ranging from 0.8 to 1 is selected
as the representative value for analysis (i.e., the light blue area
in Fig. 13). The theoretical analysis regarding the validity of
proposed optimal ZSC injection method in each coefficient A
range is presented as follows.

1) A&(—0.5 M, 0.5 M]: The sinusoidal modulated signals
can be divided into six areas (Area-I to Area-VI in Ta-
ble I) based on relationship between sinusoidal modulated
signals and A. In this range of coefficient A, the proposed
optimal ZSC injection method can effectively reduce the
low-frequency voltage and current ripples of improved
TPTL-MPC.

2) Ae(—M, —0.5 M], or A€(0.5 M, M]: For A&(—M,
—0.5 M], the sinusoidal modulated signals can be divided
into four areas (Area-I, Area-IIl, Area-V, and the special
area that sinusoidal modulated signals are all greater than
A) based on relationship between sinusoidal modulated
signals and A. Similarly, for A&€(0.5 M, M], the sinusoidal
modulated signals can be divided into four areas (Area-II,
Area-1V, Area-VI, and the special area that sinusoidal
modulated signals are all less than A).

3) Aae[—1, —M], or AE(M, 1]: For L&[—1, —M], the sinu-
soidal modulated signals are all greater than A, only the
battery directly supplies power to the ac side. Similarly,
for A€(M, 1], the sinusoidal modulated signals are all less
than A, only the PV directly supplies power to the ac side.
Therefore, the inverter unit is equivalent to the traditional
three-phase full-bridge structure, and the midpoint current
is the current of the dc bus, whose ripple is relatively
small in this case. And the proposed optimal ZSC injection
method cannot affect the midpoint current.

It should be noted that the above-mentioned detailed analysis
covered all possible the range of the coefficient A. However, in
order to utilize the advantages of the T-type three-level NPC
unit in practical applications, the reasonableness between PV
voltage and battery voltage needs to be carefully considered
to ensure that the dc port voltage ratio A remains within an
appropriate range. When the bus voltage remains constant, a
larger voltage difference between the PV and battery causes the
T-type NPC unit to operate more similarly to a conventional
two-level inverter, resulting in higher THD of grid current.
Meanwhile, the greater gain in the bidirectional buck-boost unit
leads to lower efficiency. The following is the critical threshold
points (A = 0.5 M and A = M) for the range of the coefficient
A. The conditions for A = 0.5 M and L = M are expressed as
follows:

{VPV = ZM Vo, Vea = 25 Vi, when A=0.5M 24)

14+ M 1-M
Vev = 5% Vi, Vat = 25 Vius, when A=M

Therefore, when A is in the range of (—M, —0.5 M] or
(0.5 M, M], the voltage difference between the PV and battery is
significant [i.e., Vpy > 2.33 Vg, ~ 3 Vpat, according to (24)].
The power loss of bidirectional buck-boost unit is relatively
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Fig. 14.  Control strategy of the improved TPTL-MPC.

large, which leads to lower overall efficiency of the improved
TPTL-MPC and higher THD of grid current. In the parameter
designs, the coefficient A should be avoided to be greater than
0.5 M. In addition, when A is in the range of [—1, —M] or (M, 1],
the improved TPTL-MPC is only supplied by the PV or battery
to grid, and the voltage difference between the PV and battery is
very large [i.e., Vpy > 9 Vp,¢, according to (24)]. This situation
is unacceptable and should be avoided in the parameter design.

E. Control Strategy of Improved TPTL-MPC

To achieve power control among the PV, battery, and grid,
the control strategy of improved TPTL-MPC is investigated, as
shown in Fig. 14. There are four control objectives, including the
MPPT control for PV, constant dc bus voltage control, control
of battery charging and discharging, and grid-connected control.
Specifically, the input voltage regulator (IVR) is used for MPPT
control. The battery current regulator (BCR) and battery voltage
regulator (BVR) are used for the battery management. The bus
voltage regulator (BUVR) is used for constant dc bus voltage
control in case of nonoperation of PV or battery. Vp .« and
I max are maximum voltage and current references of battery,
and Vpys ref 18 reference of dc bus voltage. The minimum
value of vivr, VBVR, VBCcR and vpyuvr is selected to control
buck-boost unit for different operational scenarios. In addition,
dg-decoupled grid-connected control strategy is adopted in this
article. The phase-locked loop is realized by the grid voltage,
which provides phase information for Park transformation. The
reference values of d-axis and g-axis grid current (ig_ref, ig ref)
are realized through proportional-integral (PI) closed-loop con-
trol and decoupled component, which can ensure the desired
power injection into the grid. As illustrated in Fig. 5, the circuit
states of the improved TPTL-MPC during various modes are
divided into four types, and their control strategy can be analyzed
as follows, respectively.

1) PV to battery: the minimum value of viygr, vgvr, and
VBCR 18 selected to generate duty cycle to control Q2 of
the bidirectional buck-boost unit, which can match the PV
and battery voltage variations, and realize MPPT of the PV
or power control of the battery.
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2) PV to grid: the IVR is used for the MPPT control of PV,
and the output of BUVR is also selected to reference value
of grid-connected current to maintain the dc bus voltage
constant. The dg-decoupled grid-connected control strat-
egy is adopted to realize separately control of the active
power and reactive power of the grid.

3) Battery to grid, or grid to battery: the minimum value
of vBuvr, VBVR, and vpcr is selected to generate the
duty cycle to control bidirectional buck-boost unit, and
constant the dc bus voltage. It is worth noting that the
primary objective for the bidirectional buck-boost unit is
to achieve the bus voltage control. The inverter state and
rectifier state can be realized by d-axis reference value of
grid-connected control strategy.

4) PV to battery and grid, or PV and battery to grid, or PV
and grid to battery: the minimum value of viyr, VBVR,
and vpcp is selected to generate the duty cycle to control
bidirectional buck-boost unit in multiport mode. Itis worth
noting that the primary objective for the bidirectional
buck-boost unit is to achieve the bus voltage control or
the MPPT of PV.

When the improved TPTL-MPC operates in battery to grid,
or grid to battery, the minimum value of vgyvr, vBvR, and
vpcR 1s selected to generate the duty cycle to control bidirec-
tional buck-boost unit, and constant the dc bus voltage. When
the battery current I, is less than the set maximum current
I max, the difference between I, and /g ax 1S greater than
zero. After PI control, the generated vpcr gradually reaches its
maximum value. However, when the battery current /g, exceeds
the set maximum current /5 ., the difference between Iy
and Ip ax 1s less than zero. After PI control, the generated
vecr rapidly decreases, thereby reducing the duty cycle of the
switches for the bidirectional buck-boost unit, which protects
battery from overcharging or overdischarging. The analysis of
VBVR IS similar to that of the above vgcr.

In summary, among the above four types, when the PV is
available, the Viyr controls the bidirectional buck-boost unit
to achieve MPPT of PV, while when the PV is unavailable, the
VBuvr controls the bidirectional buck-boost unit to achieve the
bus voltage control. The relinquishment of bus voltage control
signal vguyyr or MPPT control signal viyr occurs only when
the battery reaches its safe charging and discharging threshold
(IB max O VB max), prioritizing the secure management of
charging and discharging operations for the battery [31].

F. Hardware Design of Improved TPTL-MPC

The hardware design of the improved TPTL-MPC includes
inductor (L), switches (SA1—=S a4, SB1-Sg4, Sc1-Sc4, Q1—Q2),
and input capacitors (Cpas, Cpv). And the detailed hardware
design is illustrated as follows.

According to (13), the coefficient of inductor L; current ripple
is defined as §. And the inductor can be expressed

VB at Vi?‘V

L VBat‘/PV
b >
A-Z'Lb HFfbVBus

= . 25
~ 0liy mr fo Vaus 25)
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TABLE II
MAXIMUM VOLTAGE AND CURRENT STRESSES OF THE SWITCHES

. Maximum drain- . .
Switches source voltage Maximum drain-source current
B wax T By
Q-Q Vi +Vov Ly Jr7[/7*%
Bat
Sat, Sa4, Spi,
Ve + V5 1.
Sgs, Sci, Sca Bat TPV Gpk
Sa2, Sas, Spa, Sp2sSmsSer t Via 7
Gpk
Sp3, Sc2, Sc3 Sia35S853:Ses 1 Viy ?
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For the PV and grid to battery mode, the maximum inductor
current can be calculated by

. o PG?max + PPV
b max = Ipv + v in
Bat

(26)
where P g nax 1S the maximum grid power for rectifier state.

Therefore, the minimum inductor and maximum inductor
current [as shown in (25) and (26)] can serve as reference for
hardware design of inductor Ly,

For improved TPTL-MPC, the maximum voltage and current
stresses of the switches (S41-S 44, SB1-SB4, Sc1-Sc4, Q1-02)
can be summarized in Table II, which can serve as a reference
for hardware design of switch selections. The maximum current
of T-type NPC unit is the peak grid current. Moreover, the
maximum currents /)1 max, /@2 max Of switches Q1, Qs can
be calculated as follows:

) PG max + Py
IQl_max - IQQ_max = lLb_max — IPV + = in-

VBat
(27)

For the improved TPTL-MPC, the voltage ripple of input
capacitor originates from the midpoint current ripple. In the
case of single input and single output (the PV or battery is
unavailable), the most extreme situation is that all the midpoint
current ripple flows to the input capacitor. The midpoint current
in(?)is expressed in (9). Moreover, the frequency of the midpoint
current ripple is three times that of the grid frequency, without
ZSC injection. Assuming the ripple coefficient of the capacitor
voltage is  and the peak value of the midpoint current ripple is
Ipx. According to (9) and the relationship between the capacitor
voltage and current, the capacitor of the battery port can be
calculated as follows:

1 . in(t)dt
A‘/Bat a /Zn (t)dt = /BVBat = CBal 2 fﬁv(ig)
at at
[npk
=0 28
667Tf0VBat ( )

Similarly, the capacitor of PV port can be calculated by the
above-mentioned equation.

Fig. 15. Key waveforms of inductor low-frequency current ripples Aly,;, and
in, in different ZSC ug.

IV. PERFORMANCE COMPARISON AND ANALYSIS
A. Comparison With Other ZSC Injection Methods

In order to compare with the other typical ZSC injection
methods, the DPWM-MAX, DPWM-MIN, and DPWM-MID
are selected for the improved TPTL-MPC, as shown in Fig. 15.
In the exiting literatures [28], [29], [30], they are defined as
follows, respectively

DPWM — MAX : Uy = 1 — Umax
DPWM — MIN : %y = —1 — wpin
DPWM — MID : % = —(tUmax + Umin)/2

(29)

Combined with (11) and (12), it is obvious that the DPWM-
MAX and DPWM-MIN are maximum and minimum values
of ZSCs, respectively. On the other hand, for the traditional
three-phase two-level or three- level inverters, the space-vector
PWM (SVPWM) can be equivalent to inject ZSC uy (DPWM-
MID) into the sinusoidal modulated signal. It can be seen from
Fig. 15 that the proposed optimal ZSC injection method can
reduce the low-frequency voltage and current ripples of the
inductor, PV, and battery for improved TPTL-MPC, comparing
with other typical ZSC injection methods. Consequently, by
injecting proposed optimal ZSC, the low-frequency ripple of
midpoint current i,, is eliminated, thereby reducing the voltage
and current ripples on the dc side of improved TPTL-MPC. If
SVPWM or space-vector-based zero-sequence injection is used,
by applying the proposed optimal ZSC injection method, the
optimal ZSC uy will also be generated, thereby modifying the
original modulation wave.

According to (10) and (15), in multiport mode, the relation-
ship between the inductor low-frequency current ripples and the
grid power, as well as the displacement angle ¢ is illustrated in
Fig. 16 for different uy. And the circuit parameters are given in
Table IV. Fig. 16(a) illustrates the relationship between average
inductor current and grid power in different u, which indicates
that the energy transmitted by the inductor at different uy and
grid power. It can be seen that the average inductor current
of the proposed optimal ZSC injection method is slightly less
than noninjected ZSC. The relationship between the inductor



9748 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

TABLE III
COMPARISON AMONG OTHER DC—DC-AC MPCs

Structures of MPC ased on Port voltage &IF{referclvnces £ Rat;d V(;/ltage: Switching l\‘/gILodulatloln Degree of V/I ripples &COSt Pealk . efﬁc1e1(11cy
three-phase 3L-NPC constraints OPO08y Fv> 7Bt frequency Contr.o coupling of dc ports . power (multiport mode)
3L-NPC Vorms/fo complexity limitation ~(@Rated power
Structure I
SEALNES 180-210 V Virtual N/A
— Vev > Veat [19] . Low
= /I-T== . 90-160 V 10 kHz SVPWM High  Large @Ppy=780 W,
. Viv=2Vop & Diode-NPC 5oy 054, & Complex &Large  “p 1000 W
m Grid
Structure 11 SLNPC
SPLNP(] 600 V A : RCMV- . N/A
>
=gz e B Na DKE DSVPWM  Medium  Medium MO @pp—na,
— "7 Vo & TP N/A, 50 Hz © & Complex UM pa=6000 W
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Structure I11 3 c
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— Vov> Vi (23] IBOV=2I0V gk, Modified Medium 93.3%
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. Py Pop & M0 55V/60 Hz “C Complex edum T po=500 W
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Fig. 16.  (a) Relationship between the inductor current and grid power. Rela-  gther traditional ZSC injection methods, the inductor current

tionship between the inductor low-frequency current ripple and (b) grid power,
and (c) coefficient A, and (d) displacement angle (PF = 0.8-1).

low-frequency current and grid power are shown in Fig. 16(b)
with unity PF. The proposed optimal ZSC injection method can
minimize the inductor current ripple in the full load range. It
can also be observed from Table I that the proposed optimal
ZSC is independent of the /gpeak. In addition, the relationship
between the inductor low-frequency current ripples and port
voltage coefficient A are shown in Fig. 16(c) with unity PF,
where Ps = 500 W. Moreover, it can be seen form Fig. 16(d)
that the proposed optimal ZSC injection method can completely
eliminate inductor low-frequency current ripple within certain
PF range (such as 0.8-1), where Ps = 500 W. Compared with

ripple is greatly reduced in the different P, PF, and A.

On the other hand, it is important to highlight that the current
ripple source of both the inductor and dc ports for the improved
TPTL-MPC originates from the ripple of midpoint current i,,.
The amplitude and phase of midpoint current can be adjusted by
injecting ZSC. According to the above analysis and Fig. 16(d),
when the calculated ZSC exceeds the limit in (12), the proposed
optimal ZSC injection method cannot completely eliminate
the inductor current ripple. However, it can still maintain a
minimum inductor current ripple comparing with other ZSC
injection methods. The actual effectiveness of low-frequency
ripple suppression based on the proposed optimal ZSC injection
method will be demonstrated for different PF in the experimental
validation of Section V. In addition, the range of PF and A, and
other parameters of the improved TPTL-MPC can be designed in
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advance, and the required modulation range can be reserved. The
low-frequency current ripple of inductor, and voltage and current
ripples of dc input port can be reduced through reasonable
parameter design process.

B. Comparison With Other DC-DC-AC MPCs

In order to compare the characteristics of several structures,
the comparison results among other dc—dc—ac MPCs are given
in Table III, which are provided detailed comparison with re-
spect to similar solutions, in terms of topological architecture,
topology of three-phase 3L-NPC, the port voltage constraints,
rated parameters, modulation, control complexity, the degree of
coupling, voltage and current ripple of dc ports, cost, and the
efficiency of MPC. Obviously, the improved structure exhibits
relatively relaxed port voltage constraints.

Among the several structures in Table III, structure I has been
popularly studied in existing literature due to its simple topology,
high integration degree, and low cost. Based on structure I, the
structure I and structure IIT are relatively balanced in the various
key comparison parameters. However, there are still problems
for above three structures, such as voltage and current (V/I)
ripples at dc ports, high coupling degree, and relatively com-
plex modulation and control strategy. The improved structure
adopts the proposed optimal ZSC injection method based on
the DVR-SPWM, with eliminating inductor current ripple and
also reducing V/I ripples of dc ports. And its control strategy is
approximately decoupled in control loop of ac-side and dc-side.
Moreover, the improved TPTL-MPC has a lower THD of grid
current and a higher overall efficiency. Therefore, it can be seen
from the comparison results in Table III and the above analysis
that the improved structure, combined with the proposed DVR-
SPWM, the proposed optimal ZSC injection method, and the
control strategy, has excellent performance.

Notably, the comprehensive performance metrics (such as
efficiency, voltage and current ripples under dynamic conditions
where grid power varies from 0 to 1000 W) are not reported in
[19], [22], and [23]. The rigorous and quantitative comparison
with existing MPCs remain inherently challenging. And the
comparison presented in Table III is restricted to qualitative
topological features, with numerical values for switching fre-
quency, efficiency, voltage, and power rating provided solely as
indicative characteristics.

V. EXPERIMENTAL VERIFICATION

In order to further verify the steady-state and dynamic-state
performance, the experimental platform of improved TPTL-
MPC is shown in Fig. 17, and its circuit parameters and spec-
ifications are given in Table IV. The grid simulator /TECH
IT7900P), battery simulator (Chroma 62180D-1800), and PV
simulator (Chroma 62150H-600S) are used for emulating the
grid, battery, and PV, respectively. Consequently, the experimen-
tal prototype is built to verify the effectiveness and correctness
of the improved TPTL-MPC, DVR-SPWM, proposed optimal
ZSC injection method and control strategy.
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Fig. 18.  Steady-state waveforms of uq, u 4 +ug, i1b, ia When (a) ug switches
from O to the proposed optimal ZSC injection method, (b) ug switches from the
proposed optimal ZSC injection method to 0, and (c) steady-state waveforms of
VA,IA,IB, IC.

A. Steady-State Performance

Fig. 18(a) and (b) present steady-state experimental results
when the 1y = 0 and proposed optimal ZSC injection method. It
is worth noting that the inductor current ripple primarily consists
of low-frequency (grid frequency) ripple and high-frequency
(switch frequency) ripple. And the inductor current ripple de-
creases from 6.1 A to 1.7 A through the proposed optimal
ZSC. Obviously, the inductor low-frequency current ripple is
basically eliminated by adopting proposed 1. The steady-state
experimental results of grid voltage and current under proposed
optimal ZSC injection method are illustrated in Fig. 18(c). The
battery voltage and PV voltage (maximum power point) are 96 V
and 72 V. Therefore, the bus voltage is 168 V, and the dc port
voltage coefficient A is equal to —0.143 according to (5). The
measured experimental THD of i is less than 1.5%. The grid
current is stable, and grid power is 800 W in multiport mode. The
experimental results also demonstrate that, when the voltages of
two dc ports are unequal, the proposed DVR-SPWM can still
achieve relatively small THD of grid current.

Fig. 19 illustrates the steady-state waveforms of ug, ua+ug,
iLb, 4, and Ipvy, Iat, Va4, i4 in different ug with PF = 1 and
PF = 0.8, respectively. The grid power set is 800 W, and the
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PV operates at the maximum power point (600 W). Therefore,
the power that the battery needs to replenish exceeds 200 W
(considering power loss). When PF = 1 (displacement angle ¢
= (°), obviously, the proposed optimal ZSC injection method
can basically eliminate the low-frequency current ripples of
the inductor, PV, and battery. When PF = 0.8 (displacement
angle ¢ = 37°), the proposed optimal zero-sequence injection
method cannot eliminate the low-frequency current ripples, and
the current ripples of the inductor, the battery, and the PV by
adopting the proposed optimal ZSC injection method are signif-
icantly reduced, comparing with other ZSC injection methods.
According to Fig. 19(a2)—(e2), when PF = 0.8, the magnitudes
of inductor current ripple from large to small are respectively:
up = 0 > uy = DPWM-MIN > uy = DPWM-MID > uy =
DPWM-MAX > uy = Proposed method. Therefore, it can be
seen from Figs. 16 and 19 that the experimental results are
consistent with the theoretical analysis.

B. Dynamic-State Performance

The dynamic-state experimental waveforms of Ip,t, Ipv, v 4,
and iy during P variation are illustrated in Fig. 20(a) and (b),
when 1y = 0 and the proposed optimal ZSC injection method,
respectively. The PV remains stable and constant (600 W) as
P& changes among 400 and 800 W. When P increases to
800 W, the battery is discharge (about 200 W), whereas the
battery gets charged (about —200 W) when the P decreases to
400 W. The experimental results demonstrate that P variation
has not impact on PV, as battery can promptly compensate

(c2) 4=DPWM-MIN, PF=0 8

(d2) 1u=DPWM-MID, PF=0.8 (e2) uy=Proposed, PF=0.8

in different ug with PF = 1 and PF = 0.8, respectively. (al) and (a2) ug = 0. (b1)
= DPWM-MID. (el) and (e2) uog = proposed optimal ZSC injection method.
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Fig. 20. Dynamic-state waveforms of Ipat, Ipv, va, ia When Pg steps
between 400 and 800 W. (a) ug = 0. (b) ug = proposed optimal ZSC injection
method.

for power deficiency. By comparing Fig. 20(a) and (b), the
current ripples of battery and PV for the proposed optimal ZSC
injection method are smaller than without ZSC injection in the
steady-state performance. The smaller current ripples have better
adaptability and stability for battery and PV. Moreover, the fast
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method.

and smooth dynamic-state performance is also achieved for the
proposed optimal ZSC injection method.

To verify the operational mode switching of improved TPTL-
MPC and the current ripples of the dc ports when the PV power
changes, dynamic-state experimental waveforms when the PV
power jumps between 300 and 600 W are shown in Fig. 21. The
grid power remains constant at 450 W, and the PV consistently
operates at its maximum power point whether the maximum
power point of PV varies. When the PV power (600 W) is
greater than the grid power (450 W), the battery absorbs the
remaining power (about —150 W). When the PV power (300 W)
is less than the grid power (450 W), the battery supplements the
required power deficit (about 150 W). Moreover, it can be seen
that the battery can quickly supply or absorb power, and the grid
current remains stable, when the PV power jumps. According
to the comparison of experimental results in Fig. 21(a) and (b),
the current ripples of PV and battery can also be significantly
reduced by the proposed optimal ZSC injection method under
the PV power variation.

The dynamic-state waveforms of Ig,¢, Ipv, Va4, i4 are given
in Fig. 22 when P s gradually increases from 0 W to 1 kW for
the multiport mode. When the grid power is zero, all the energy
of PV is transmitted to the battery through the buck-boost unit.
Then, the charging current of battery is maximum. When the
grid power is about 600 W, the battery current is almost zero,
not participating in energy transmission, and the current ripple
of battery is also relatively small. Therefore, the current ripple
of PV gradually increases as the grid power increases. However,
the battery current ripple initially increases and subsequently
decreases as the grid power increases from 0 to 600 W. And
the current ripple of battery gradually increases as the grid
power increases from 600 W to 1 kW. Clearly, the battery is
in a charging state when the grid power is below 600 W, and it

1(2s/div)

Ipy (5A/div)

chaiging

i(10A/diy) OO

Fig. 22.  Dynamic-state waveforms of Ipat, Ipv, va, ia when P gradually
increases from 0 W to 1 kW for the multiport mode. (a) ug = 0. (b) u9 = DPWM-
MAX. (c) ug = DPWM-MIN. (d) u9p = DPWM-MID. (e) g = proposed optimal
ZSC injection method.
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Fig. 23.  Operating states of improved TPTL-MPC when the battery and grid
are available. (a) Battery to grid mode. (b) Grid to battery mode.

discharges when the grid power exceeds 600 W. By comparing
experimental results with different ZSC, in the multiport mode,
it can be seen that the proposed optimal ZSC injection method
can effectively reduce low-frequency current ripples of the PV
and battery throughout the full load range.

C. Bidirectional Experiment of the Battery and Grid

Operating states of improved TPTL-MPC when the battery
and grid are available are shown in Fig. 23. When the T-type NPC
unit is in inverter state (the battery to grid mode) or rectifier state
(the grid to battery mode), the bidirectional buck-boost unit is
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uop = DPWM-MIN. (¢) up = DPWM-MID. (d) uo = proposed optimal ZSC
injection method.

used to stabilize bus voltage. The above-mentioned experimental
results are obtained under the multiport mode. In order to verify
the bidirectional power flow capability of the battery and grid
ports, the bidirectional experimental results are illustrated in
Figs. 24 and 25. The dynamic-state waveforms of AVpys, IBat,
uA+uo, i o are shown in Fig. 24 when the ZSC uy is switched for
the battery-to-grid mode. In multiport mode, the low-frequency
ripples are mainly reflected in the current of inductor, PV, and
battery. In the battery-to-grid mode, and in the grid-to-battery
mode, the low-frequency ripples are mainly reflected in the
battery current and the bus voltage. It can be seen from Fig. 24
that the low-frequency ripple of the bus voltage and the battery
current can be effectively suppressed by adopting the proposed
optimal ZSC injection method.

The dynamic-state waveforms of Vg, IBat, V4, i4 in differ-
ent ZSC are shown in Fig. 25 when the grid is switched between
inverter state and rectifier state. The Vs is controlled at 180 V.
The experimental results show that both the grid port and battery
port can operate bidirectionally, and the switching is smooth,
allowing for rapid attainment of new reference value. On the
other hand, the proposed optimal ZSC injection method can
effectively and significantly reduce battery current ripple and
bus voltage ripple (the bus voltage ripple is the voltage ripple
of PV port). And it is effective in both battery-to-grid mode
and grid-to-battery mode, which is consistent with theoretical
analysis.

D. Inductor Current Ripple Ratio, Efficiency, and THD Results

To visually demonstrate the suppression effect of low-
frequency ripples, the relationship between grid power P and
inductor current ripple ratio for different ZSC injection methods
is shown in Fig. 26(a). It can be seen that the inductor current
ripple by using the proposed optimal ZSC injection method
is significantly reduced. As P« increases, the inductor current
decreases, while the high-frequency ripple of inductor current
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remains largely unchanged, and the low-frequency ripple in-
creases. Therefore, the enhancement of P ; has led to the increase
of the inductor current ripple ratio. The inductor current ripple
ratio r, for the proposed optimal ZSC injection method can be
calculated as follows:

Alip HE b
— — = = I V V
T'Lb i a—PG’(a pv(VBa + Vov),
Vig Vev
h= — Bat’TV  y (30)
Ly fo(Vear + VPV))

In multiport mode, the PV operates in MPPT mode, where
the power of PV remains constant. According to (30), the coef-
ficients a and b are constant values under stable state. For the
experimental parameters in Table IV, the coefficients a and b are
equal to 1400 and 157.99 (unit: W). And the inductor current
ripple ratio rpp, can be calculated as follows:

oD b 157.99
L 1400 — Pg

For the proposed optimal ZSC injection method, as shown in
Fig. 26(a), the experimental result (red line) is consistent with the
theoretical result (green line). It should be noted that the (a—P )
in (31) decreases gradually with the increase in grid power, and
the power loss of T-type NPC unit is also gradually increasing.
Therefore, the error between theoretical and experimental results
increases with the increase in P.

Fig. 26(b) illustrates efficiency results of the improved TPTL-
MPC in multiport mode. Moreover, compared with noninjected
ZSC, the proposed optimal ZSC injection method can further
improve efficiency. In addition, when the P is below 600 W,
the PV supplies power to both the battery and grid. When the
P exceeds 600 W, the PV and battery supply power to grid.
The peak efficiency of the improved TPTL-MPC is 96.5% by
using proposed ZSC injection method in multiport mode. The
maximum ZSC injection method has the minimum midpoint
current and the lowest efficiency. Conversely, the minimum
ZSC injection method has the maximum midpoint current and
the highest efficiency. And because the amount of energy that
can be conducted through the midpoint is inherently limited,
the efficiency differences in various ZSC injection methods are
relatively small.

Fig. 26(c) shows THD results of the grid current in multiport
mode. As the grid-connected power increases, the THD of the
grid current gradually decreases. Moreover, it is evident that
the THDs under maximum ZSC and minimum ZSC injection
methods are relatively high. The phenomenon occurs due to the
inactivity of switching devices under some operating states. In
contrast, the differences in THD among the other three methods
are comparatively small.

Consequently, Table III provides qualitative comparison of the
structural features and operational characteristics of the various
MPCs, while Fig. 26 presents quantitative comparison of the
several ZSC methods for improved TPTL-MPC. The proposed
optimal ZSC injection method has the minimum inductor current
ripple ratio and takes into account the better performance in
terms of both efficiency and THD.
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Dynamic-state waveforms of VBys, IBat, VA, i4 When the grid is switched between inverter state and rectifier state. (a) ug = 0. (b) uo = DPWM-MAX.

(¢) up = DPWM-MIN. (d) u9 = DPWM-MID. (e) ug = proposed optimal ZSC injection method.

1=0 #=DPWM-MAX  #p)=DPWM-MIN  #,=DPWM-MID wg=Prop. & Exper.  uo=Prop. & Theor.
14 - ————————J¢3  dpgrosscscssesessesgesescpessssssooy
Inductor current ripple ratio (%) Inductor current

PI" 1o battery and grid ~ "\ PV and batfery ripple ratio (%)

A
/106
glrid )

i
P10 battery and grid J‘v and baftery 1o grid

: Po(W)
400 600

100 200 400

97

Efficiency (%) THD (%) of grid cqirrent
i

96

95

94

PI’ and batery to grid

op|___ Pl 1o battery andgrid ! PsW)| i Ps(W)
100200 400 600 800 1000 100200 400 600 800 1000
(b) (c)
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THD under several ZSC injection methods. (a) Relationship between inductor
current ripple ratio and grid power. (b) Efficiency results of improved TPTL-
MPC. (c) THD of grid current.

VI. CONCLUSION

The improved TPTL-MPC is presented for the PV, battery
and grid hybrid systems, which has reduced power conversion
stage and voltage requirements of the PV and battery ports.
The DVR-SPWM and its digital implementation is proposed
in this article, with lower THD of grid current. Based on the
improved TPTL-MPC and DVR-SPWM, the optimal ZSC in-
jection method is proposed, which can eliminate voltage and
current low-frequency ripples of the inductor, PV and battery.
Compared with other ZSC injection methods, the proposed
optimal ZSC injection method can reduce low-frequency voltage
and current ripples under different operational modes, the dc port
voltage, the displacement angle, and the grid power. The effec-
tiveness and correctness of an optimal ZSC injection method
with reduced low-frequency voltage and current ripples for the
improved TPTL-MPC are verified by the experiment results and
performance comparison with noninjected ZSC and other ZSC
injection method.
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