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Abstract—A novel amplitude-domain pulse-width modulation
(AD-PWM) technique for three-phase energy stored quasi-Z-
source (ES-qZSI) photovoltaic (PV) power system is proposed in
this paper. The proposed modulation technique performs
switching states and shoot-through behavior based on the
relationship of size among three-phase voltages, showing the
attractiveness of extreme simplicity and low computation. This
paper further investigates the AD-PWM based three-phase PV
power system. An active power control method integrated with
reactive power compensation for the system in natural coordinate
to avoid complicated calculation of trigonometric function. As a
result, active power regulation integrated with reactive power
compensation is fast and reliable. Compare with the state-of-arts
of control schemes for ES-qZSI system utilizing techniques, the
proposed control strategy has advantages: 1) The computation is
low because there is no shoot-through reference and avoiding
complexity vector calculation; 2) there is a reliable capability of
ensuring the grid-injected current tracking the grid voltage in
phase, owing to the reactive power generated by reactive power
equipment is taken into account to control the ES-qZSI’s output
current. Simulation and experimental results verify the
outstanding features of the proposed AD-PWM and active power
control strategy integrated with the reactive power compensation
technique for three-phase ES-qZSI PV power system.

Index Terms—Quasi-Z-source Inverter, pulse-width
modulation, Photovoltaic power system, Reactive power
compensator

[. INTRODUCTION

Energy storage quasi-Z-source inverter (ES-qZSI) based
photovoltaic (PV) power generation system is quite popular
because of its unique features [1-7]: 1) a single-stage inverter
topology fulfilling high boost voltage and a continuous current
from PV panel; 2) has no dead-time between the upper and
lower switches of one bridge leg, and a common ground
between DC source and inverter bridge; 3) buffer the
fluctuation of PV power, smooth the grid-tie power and store
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the extra PV power; 4) compensate the power difference
between the PV power and the load demand; 5) cope with the
wide variation of PV panel voltage. As a result, there has been
many researchers working on ES-qZS1/qZSI based PV power
system [8-10]. For example, a simple closed-loop control is
proposed in [9] to achieve maximum power point tracking
(MPPT) of PV panel through Perturb and Observe (P&O), grid
power injection control, and energy management strategy for
battery safety. In [11], a fixed frequency sliding mode current
control method is proposed for a voltage-fed BES-qZSI system.

Output power control, including active and reactive power
control, is one of the main tasks, and many methods have been
developed [12-19]. For instance, In [12], a control algorithm for
grid-tied qZSI PV system with decoupled active and reactive
power control is proposed along with energy-loss optimization
per switching cycle based on power predictive control (MPC)
framework. In [13], an adaptive decoupled power control
method is proposed by evaluating the decoupled matrix with the
variation ratio of active power and reactive power. In [14], a
direct power control method, associated with a space vector
modulation DPC-SVM based on super twisting sliding mode
control ST-SMC scheme, is proposed. In [15], a reactive current
reference algorithm is proposed to enhance the transient
performance and minimize the reactive current ripples. In [16],
a decoupled active and reactive power control strategy is
proposed to address the issue of active and reactive power
distribution among cascaded modules in the grid-connected
CMI PV power system. In [17], a P-Q decoupled grid-tie power
injection is fulfilled with the maximum power capture from PV
panels and the unity power factor for ES-qZS inverter-based PV
power conversion system. The selective harmonic elimination
technique is presented and a decoupled current control method
is used to realize reactive power control in [18]. [19] proposes
a comprehensive control strategy to achieve PV power
generation and reactive power compensation at the same time
for the ES-qZS-CHB inverter PV power system. It can be
noticed all the aforementioned control schemes are achieved
based on the SPWM, SVPWM or SHEPWM. Almost all the
existing control schemes are based on the three modulation
techniques. Especially, SVPWM is the most applied
modulation technique for the three-phase system due to its
advantages of high-voltage utilization, low-current harmonics,
easy digital implementation with fast processors [20-22].
Therefore, Many modified SVPWM methods are carried for the
three-phase qZS/ZS inverter [23-25]. By inserting the shoot-
through time into six parts and modifying the six switching
times, the ZSSVM6 technique is proposed in [23]. Two
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modified space vector modulation strategies were proposed in
[24] to reduce the number of switch commutations at the high
current level for shorter periods during the fundamental cycle.
In the ZSVM2 technique proposed in [25], the total shoot-
through time is divided into four realizable parts and modified
as two switching times. However, the procedure to implement
the SVPWM is complicated due to the difficulty in determining
the location of the reference, the calculation of active, zero and
shoot-through times in every sector and the determination and
selection of the switching states [20]. What's more, the
calculations of the coordinate transformation and triangular
functions lead to high calculation burden [26-29].

The effort of this paper is to propose a novel and simple
modulation for the three-phase ES-qZSI based PV power
system to achieve active power control integrated with reactive
power compensation, while decreasing calculation burden,
speeding up the computations, saving controller resources and
lowering system costs. This paper has the following innovative
contributions:

1) A novel AD-PWM technique for three-phase ES-qZS
inverter is proposed by performing switching states based on
the amplitude relationships of size among three-phase voltages
and inserting the shoot-through time into a nine-section
switching sequence of AD-PWM. The proposed method could
avoid shoot-through reference and complexity vector
calculation. As a result, the computation time and controller
resources would be significantly reduced in practical
applications.

2) An active power control integrated with reactive power
compensation for the three-phase ES-qZSI PV power system is
implemented in natural coordinate-based AD-PWM. By taking
the reactive power generated by reactive power equipment into
account to control the ES-qZSI’s output current, there is a
reliable capability of ensuring the grid-injected current tracking
the desired reference in phase with the grid voltage.

The rest of this paper are organized as follows: Section II
proposes an AD-PWM technique for three-phase ES-qZSI; then,
a control strategy of an active power control integrated with
reactive power compensation is proposed in Section III;
simulation and experimental verifications are shown in Section
IV; finally, conclusions of this paper are summarized in Section
V.

II. PROPOSED AD-PWM FOR THREE-PHASE ES-QZSI

A. Three-phase ES-qZSI

Fig. 1 shows the discussed three-phase ES-qZSI PV power
system. The system combines a PV panel, a qZS network, H-
bridge inverter, LC filter, grid and AC load. The ES-qZS
network includes two inductors L, and L., two capacitors C; and
C,, one switch K, one PV panel terminal capacitor C;,, and one
battery module. The shoot-through state, active state and zero
state are fulfilled in continuous conduction mode of each mode,
and the equivalent circuits are shown in Fig. 2.

At shoot-through state, the inverter short circuit by turning
on the upper and lower switches of any one phase leg at the
same time, and qZS diode is turned off because of negative
voltage, as shown in Fig. 2 (a). There are (1) where v;, denotes
the PV panel voltage; vci and ve denote the two capacitor
voltages; i1 and iz, denote the two inductor currents.

C,—=—i, (1)

At non-shoot-through state, the PV panel and qZS inductors
charge the qZS capacitors and provide the power to the AC
output and the diode is turned on; thus there are

di
L, 71; =V ~ Va1
di,
2" Vea
dve, . .
G d =l T hy . 2
av
2 _ .
2" =1, ~hy th
dein _
in dt oy Iy

When the state space average method is applied to the
dynamic equations, the average model of ES-qZSI over
switching frequency is (3) where the variables with < >
represent the average values over the switching period; D
denotes the shoot-through duty ratio.

d<i, >

L, + =(D-Dvg, +Dvg, +v,
d<i,>

L, % =Dv,, +(D-1)v,,
d<ve > . ) .

€, = *—=(1=D)iy, = Di, + (D= Dy 3)
d<v, >

c, % =-Di,, +(1-D)i, +(D-1)i,y +i,
d<v,> . .

G, T

From (3), the inductor currents /1.1, /1>, the capacitor voltages
Ve, Ve, and DC-link peak voltage Vpy can be obtained as

D-I, +(1-D)- I,
I, =
1-2D
(I_D)'Ib+(1_D)'1PN
I, =
1-2D
1-D
V,=——V . 4
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Fig. 1. Discussed three-phase battery energy stored qZSI PV power system.
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Fig. 2. Equivalent circuits of BES-qZSI module. (a) Shoot-through state; (b) Non-shoot-through state.

Table I Switching states and the corresponding phase voltage levels

Operati
I;f;?e;ng Si S, S5 Sa Ss Se Voltage vectors Vao Voo Veo
Zero state 0 1 0 1 0 1 Uy 0 0 0
1 1 2
0 1 0 1 1 0 Ui 3 Ve 3 Ven 3 Ve
1 2 1
0 ! 1 0 0 1 U 3 Ve 3 Ve 3 Ve
2 1 1
Active 0 1 1 0 1 0 U; . Von N Von N Von
tat 2 1 1
state 1 0 0 1 0 1 U, S Von —=Vew Vo
1 2 1
1 0 0 1 1 0 Us 3 Ven 3 Ven 3 Ve
1 1 2
1 0 1 0 0 1 Us §VPN §VPN —§VPN
Zero state 1 0 1 0 1 0 U, 0 0 0
1 1 S3 Ss Ss S5 Us 0 0 0
Sho";i‘éo“gh S, B 1 1 Ss 3 Us 0 0 0
M S S3 S; 1 1 Uiy 0 0 0

The output voltage of ES-qZSI contains the fundamental-
frequency voltage v; (i=a, b or ¢) and few high-frequency
harmonic voltages. When M is the modulation index, the output
peak phase voltage is

bo=M-V,,. (5)

B.  Proposed AD-PWM for Three-phase ES-qZSI

The AD-PWM technique is proposed based on the two
primary principles:

1) Principle I: taking the reference phase voltage as an
average of the nearest voltage levels.

2) Principle II: based on the amplitude relationships among
three-phase voltages to select switching states.

1)  Switching states and voltage levels

For the three-phase ES-qZSI, there are 11 switching states
when only one leg is used to produce the shoot-through state,
which includes six active states, two zero state and three shoo-
though states. Table I shows the switching states and the
corresponding phase voltage levels. There are five voltage
levels for each phase, such as -2Vpn/3, -Vpn/3, 0, Ven/3 and
2Vpn/3. The voltage vector Ux (k=0,1,2...10) is a voltage vector
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group, which denotes different output voltage level for different
phase. For example, U; denotes -Vpn/3 for phases A and B, but
denotes 2Vpn/3 for phase C. Based on principle I, two active
states should be used to generate the desired phase voltage,
thereby presenting four states in one switching period: active
statel, active state 2, zero state and shoo-through state, and the
corresponding switching times are defined as t1, t,, # and #p.
According to the volt-second balancing principle, there is

Vi, =V VL Vit Vvt =it v,

T =t +t,+t,+1, (6)

t, =DT,
where vi, v2, vo and vp denote the phase voltage at active statel,
active state 2, zero state and shoo-though state; 7, denotes the
switching period.

From (5), (6) and Table I, the times # and #, of the active

states should satisfy

4 <T, ~1, =(1-D)T, -
L<T ~1,=(1-D)T,’
Then, the average phase voltage meets
2(1-D 2(1-D
Vie[_ (3 )VPN’ (3 )VPN]' (8)

2)  Control sections and switching-state pairs

The AD-PWM technique is based on the representation of
amplitude relationships among three-phase voltages in
coordinate axis, and the generated geometry is the control curve
clusters shown in Fig. 3, which is a series of elliptic curves. As
the voltage amplitude of any one phase is symmetrical about
n/2 + nm, the amplitude relationships are presented by divided
into two parts, as shown in Fig. 3 (b) and (c). From (8), the
boundary of control curve clusters is defined by + (1-D)Vpn/2
as the region enclosed by green curves in Fig. 4.
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Fig. 3. Amplitude relationships among three-phase voltages;(a) Three-phase
voltages;(b) wt € [—g + nm, inn]; (c) wt € [£nm, g + nx).

According to the voltage value of phase A, and the
relationship of voltage amplitudes between phases A and B
shown in Fig. 4, switching states and output voltage of phase A
can be divided into six sections in the coordinate axis, as shown
in Fig. 4 and Table II. Moreover, the operating process to select
the operating section is depicted in Fig. 5. From Table I, the
voltage vectors and switching pairs, which are used to generate
the voltage reference in each section, and can be determined
based on the principle I, as shown in Table III.

Fig. 4. Boundary of control curve clusters and the corresponding voltage
levels; (a) wt € [— g + nr, +nn] ; (b) wt € [inn,g + nn]
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Fig. 5. Flowchart to select the sections
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Table II Trend of phase voltage in each section

Operating Situation Section
2 1
Vq € [_§VPNv _§VPN] I
1 1
Vb2 Ve v, € (_§VPN' §VPN] 1I
1 2
Vq € (§ Ven, §VPN] 11
2 1
Vg € (_§VPN» —§VPN] v
1 1
Vb < Ve v € (— 3 Ve, 3 Ven] v
1 2
Vq € (§ Vens §VPN] VI

Table I1I Voltage vectors and switching pairs used to generate the voltage
reference in each section

Switching state pairs of

Section Voltage Vectors (S, S, S, Sty S5, S¢)
I U, Us) (011001), (011010)
I (U, Us) (011001), (101001)
111 (Us, Us) (100101), (101001)
v U, Us) (010110), (011010)
A% U, Us) (010110), (100110)
VI (Us, Us) (100101), (100110)

3)  Switching sequence and switching time
Once the section to generate the voltage reference is chosen,

the next step is to get the switching time and switching sequence.

For a symmetry three-phase system, the sum of three-phase
voltages is zero; therefore, the voltage vectors corresponding to
the selected section should generate the three-phase voltage
references at the same time in each section as
Vicgh tVah = V:
Vil T Vot =V, )
Vo=V, =,
where vi.4, Vi, V2o and vo, denote the vector elements of the
selected voltage vector shown in Table II1.
From Table I and (9), the switching times can be calculated
as

* *
— vav2—b — vbvl—a
v,_ V. —V,__V
1-a"2-b 2—a”’1-b
a a (10)
* *
— vavlfb B vbvlfa
VaaViob T Vimd V-

=T —t,-t, -1,

The nine-section modulation technique is used to achieve the
AD-PWM, as shown in Fig. 6. Table IV shows the sequences
of voltage vectors in six sections. Moreover, Fig. 6 and Table
IV show the features of the nine-section modulation that each
switching period both begins and ends with zero state and
shoot-through state inserted between active state and zero state,
that would significantly restrain harmonic voltages and reduce
switching power loss.

Shoot-though
state

L b kb bk

Zero state Active state 1 Active state 2

1&

- t

4d i i g A 2 A AL
T

sw
Fig. 6. Switching sequence of AD-PWM technique.

Table IV The sequence of voltage vectors

Section Sequence of voltage vector
I U= Uy—= U= U= U= Us— Us— Usg— Uy
I U;— U g— Us— Ug— Uy— Ugy— U, — Us— Uy
111 Uy— Us— Uy— Ug— U;— U g— Ug— U g— Uy
v U7—>Ug—>U3—>U9—>U0—>U10—>U1—>Ug—>U7
\% Uy— U y—U— Us— Ur— Uy— Us— U v— U,
VI U= U= U= Uy = Uy— Us— Us— Ug— Uy

III. ACTIVE POWER CONTROL INTEGRATED WITH REACTIVE
POWER COMPENSATION BASED AD-PWM FOR THREE-PHASE
ES-QZSI

The control scheme of the three-phase ES-qZSI based PV
power system is shown in Fig. 7, including MPPT control,
energy management, calculation of three-phase current in
natural coordinate, ES-qZSI’s output current control and AD-
PWM technique.

As shown in Fig. 7 and [9, 28], PV panel voltage and current
are measured, and perturb and observe (P&O) algorithm is used
to track the MPP. The shoot-through duty ratio D is adjusted by
a PI regulator to make the PV panel voltage track the reference
v,, and boost PV voltage to a higher level.

A. Energy Management

The goal of energy management is to ensure the state-of-
charge (SOC) in safety range that neither be over-charged nor
over-discharged, which is achieved by controlling the power
difference between ES-qZSI’s output power and PV power [30].
The battery will buffer the power difference until SOC reaches
its upper/lower safety limitation, then the desired output power
is limited to the PV power. The flowchart of implementing
energy management is described in Fig. 8, which can be
summarized as three cases: 1) when the SOC in safe area as
SOCnin<SOC<SOChax, the ES-qZSI will output power as the
given reference Porer and battery will be charged or discharged
as needed; 2) when the battery is charged to its SOC upper
limitation, battery can be discharged but recharge the battery is
prohibited; 3) when the battery is discharged to its SOC lower
limitation, discharge the battery is not allowed.

B. Calculation of Three-Phase Currents in Natural

Coordinate
Based on instantaneous reactive power theory, the complex
power flowing through the ES-qZSI is
S=P+jO=v,-i(i=a,b,c)
where 1; denote conjugate current.
The active power and reactive power can be obtained as (12).

(11
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Fig. 7 Control scheme of three-phase ES-qZSI PV power system

SOC

Fig. 8 Flowchart diagram of energy management
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Fig. 9 Three-phase active and reactive vectors
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* * *
bl

Select the control section based Fig.5 and Table 2

v

Determine the Nearest vectors to generate voltage
reference based Table 1

v

Calculation of active, zero and shoot-though vectors
time in each sector based (10)

v

Identify the switching state pairs for the selected section
based Table 3

v

Identify the switching sequences for each sector based
Fig.7, Tables 1 and 4

v

Switching singals

Fig. 10 Flowchart to implement AD-PWM for three-phase ES-qZSI.

From (12), the active power can be viewed as the product of
voltage vector and current scalar, and the direction of reactive
power is 90 degrees ahead of the voltage vector, as shown in
Fig. 9. Therefore, the unit vectors of active power and reactive

power are

(13)

(14)

_Pa— Py
NG}
From (11)-(14), the desired three-phase currents can be
calculated by

q.

K K3
;o pat g,

oa 3

. L i

i, =" p”3 AL (15)
: Ciyp.tig,

oc 3

where i; and i, are ES-qZSI’s desired output active and reactive
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Fig. 11. Simulation results of ES-qZSI based PV power system with the proposed control method using AD-PWM technique. (a) PV panel’s output voltage
and power; (b) Inductor currents and battery current; (c) Capacitor voltages and DC-link voltage.
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Fig. 12 Simulation results of ES-qZSI based PV power system with the proposed control method using AD-PWM technique. (a) Grid voltage, grid-injected
current, load current and ES-qZSI’s output current; (b) ES-qZSIs output power, grid injected power and load power

current, respectively.

As one of the control scheme’s goal is to achieve the unity
power factor (UPF) grid-connected control, the reactive
components of the load current is set as ES-qZSI’s desired
output reactive current 7,, which can be obtained by coordinate
transformation, as shown in Fig. 7. The active components of
ES-qZSI’s desired output current is calculated by

. 2P
i

(16)

d — .
3V,

C. ES-qZSI’s Output Current Control Based Proposed AD-
PWM Technique

The flowchart to implement the AD-PWM technique based
on output current control of three-phase ES-qZSI can be
described in Fig. 10. ES-qZSI’s output voltage references v,,, v
.» and v,. are adjusted by PR regulators to make the output
current track the reference i, i,, and i, obtained from (15).
Then, the control section is identified based on Fig. 4 and Table
II. With the switching state pairs, switching times and switching
sequences shown in Table III, (10) and Table IV, the gate
signals for ES-qZSI are produced to achieve the desired
performance.

IV. SIMULATION AND EXPERIMENTAL INVESTIGATIONS
A.  Simulation Verification

To verify the proposed AD-PWM technique and control
scheme. A prototype of the three-phase BES-qZSI PV power
system is built in MATLAB/Simulink. The parameters are:

Li=L,=1 mH, C;=C>=2200 pF, the switching frequency of each
module is 10 kHz, the filter is 1.5 mH, and a 50 mH inductor
and 25 Q resistor is connected in series as the local load of each
phase, the grid provides 50 V rms voltage through a step down
transformer interfaced with ES-qZSI PV power system, and the
ES-qZSI’s output active power reference is 390 W. The control
scheme of Fig. 7 is applied to the system. Simulation with the
proposed control method using AD-PWM technique results are
shown in Fig. 11.

 FFT analysi
Fundamental (50Hz) = 3.492 , THD= 0.92%
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Fig. 13 FFT spectrum of ES-qZSI’s output current.

With the proposed control strategy of Fig. 7, the three-phase
ES-qZSI based PV power system operates at the MPPs and the
PV panel’s output voltage and power are v,,=121 V and 533 W,
as shown in Fig. 11 (a). The power difference between the PV
panel’s power and ES-qZSI’s output power is buffered by the
energy shored batteries with i,=-4.4 A, as shown in Fig. 11 (b).
DC-link pulse voltage shown in Fig. 11 (c) show pulse voltage
waveform, because DC-link voltage is zero during the shoot-
through state; in the non-shoot-through state, it is non-zero
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voltage. Fig. 12 (a) shows the grid voltage, grid-injected current,
load current and ES-qZSI’s output current. Fig. 12 (b) shows
ES-qZSI’s output active and reactive power, grid-injected

active and reactive power, load active and reactive power. It can
be seen that the ES-qZSI’s active power is divided into two
parts: 150 W of active power provides to the local load and 240
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W of active power is injected into the grid. However, all the
load-reactive power is provided by ES-qZS inverter, and there
is no reactive power injected into the grid.

Then, the Fast Fourier Transform (FFT) algorithm is used to
analyze the current total harmonic distortion (THD) as shown
in Fig. 13. The phase relationships among grid voltage, ES-
qZST’s output current and grid-injected current is shown in
Table V. From which it can be noted that: 1) with AD-PWM
based the proposed control scheme of Fig. 7, the ES-qZSI based
PV system presents good performance and the THD of output
current is as low as 0.92%; 2) the grid-injected current i, almost
has the same phase with the grid voltage v, during the whole
simulation process, but there is a phase-difference of 16.6°
between grid and ES-qZS-CHB’s output current, which means

the reactive power required by local load is compensated by the
ES-qZS-CHB and the system realizes the goal of unity power
factor running. All the results above verify the operating
principle of AD-PWM based three-phase ES-qZSI and the
proposed control strategy.

For comparison, the existing modulation methods such as
SPWM [24, 27, 31, 32]. PWAM [33-35], and SVM [17, 22, 23,
27] for the qZS/ZS inverter are summarized in Figs. 14-16. It
can be seen that the SPWM and PWAM add two shoot-through
references compare with the proposed AD-PWM, in order to
compare with the triangular-carrier wave to generate the shoot-
through state. In addition, the SVM is realized by voltage
vectors composition, which needs higher computation than the
other carrier-based modulations. Thus, the proposed method
would significantly reduce the computation time, that results in
lower the requirement of controller resources in practical
applications.

Figs. 17 and 18 show the simulation results of ES-qZS
inverter based PV power system using the SVM [17] with the
same system parameters. Compare Fig. 12 (a) and Fig. 13 with
Fig. 17 (d) and Fig. 18, it can be seen that the proposed AD-
PWM enhance the ES-qZSI’s output current quality that the
THD decreases from 1.27% under SVM to 0.92% under the
proposed AD-PWM. Although both methods ensure the
reliability and stability of the ES-qZSI based PV power system,
as grid voltage, grid-injected current, load current and ES-
qZSI’s output current shown in Fig. 12 (a) and Fig. 17 (d), the
proposed scheme with AD-PWM provides better performance
than the scheme with SVM, as the proposed scheme has the
reliable capability of ensuring the grid-injected current tracking
the desired reference in phase with the grid voltage, as shown
in Table V. In addition, the computation of AD-PWM is much
less than the SVM.

B. Experimental Verification

A prototype of the three-phase BES-qZSI PV power system
is employed to verify the proposed AD-WPM technique and
control scheme. Fig. 19 shows the experimental set-up of the
ES-qZS inverter PV power system. A CHROMA-62150H-
1000 DC power supply is used to simulate a PV power source,
auxiliary power supply is a RIGOL-DP832A programmable
DC power supply which provides power to control and gate
drive boards. The controller is based on dSPACE-MicrolabBox
platform to implement the proposed control method. A
Tektronix oscilloscope is used to have data and waveforms
recorded. Three 12 V/12 Ah batteries of CHAMPION NP12-12
are employed as an energy storage system. The same qZS
network parameters (Li=L,=1 mH and C=C,=2200 pF) are
employed in the experimental test and the switching frequency
is 10 kHz. A transformer provides 65 V peak voltage interfaced
with the ES-qZSI. The desired ES-qZSI’s output power
reference is 360 W. The control strategies of Fig. 7 is applied to
the system.

Fig. 20 (a) shows the two ES-qZSI’s output current, load
current, grid-injected current and grid voltage. With the
proposed control strategy, ES-qZSI based PV power system
operates at the MPPs and the PV panel’s output power is 552
W with v;,=138 V and i;;=4.0 A, as shown in Fig. 20 (b) and
(¢). The power difference between the PV panel’s power and
ES-qZSI’s output power is buffered by the energy shored
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Fig. 20. Experimental results; (a) ES-qZSI’s output current, load current, grid-injected current and grid voltage of phase A; (b) PV panel’s voltage, capacitor
voltages vci, v, and DC-link voltage; (c) Inductor voltages i;; and i;, and battery current; (d) Grid-injected currents and voltages of phases B and C.

batteries with i;=-4.5 A, as shown in Fig. 20 (c).

Fig. 21 shows the FFT spectrum of i,, and the THD of 1.79%
is much lower than 5% with low magnitudes of harmonic
components which also meet the requirement of IEEE Std
1547-2018 [36]. Then, the Fast Fourier Transform (FFT)
algorithm is used to analyze the current total harmonic
distortion (THD) and the phase relationships among grid
voltage, ES-qZSI’s output current and grid-injected current, and
the results are summarized in Table V. It can be noted that: the
grid-injected current is purely sinusoidal, and the grid-injected
current 7, almost has the same phase with the grid voltage v,
during the whole experimentation process, but there is a phase-
difference of 14.5° between grid and ES-qZSI’s output current,
which means the reactive power needed by local load is
compensated by the ES-qZSI and the system realizes the goal
of unity power factor running.

Also from Table V, both the simulation-based and
experiment-based grid-injected current phases identical to the
grid voltage with a little error, although there is a little deviation
between the simulation and hardware results, which mainly
caused by: 1) the PV panel’s MPPs are different in simulation
and experiment, as the PV panel’s output voltage and power are
121 V and 533 W in simulation, but 138 V and 552 W in the
experiment. Moreover, the ES-qZSI’s output power are
different in simulation (390 W) from that in the experiment
(360 W); 2) the experimental grid-voltage is not identical to the
simulation grid-voltage performed by an ideal three-phase
voltage source; 3) the measurement error and computational

error are inevitable in the data measuring and calculating
process. All the results above verify the reliable capability of
the proposed technique to ensure the grid-injected current
tracking the desired reference in phase with the grid voltage.

FFT analysis
Fundamental (50Hz) = 3.712 , THD= 1.79%
.5 ; ' , :
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=
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Fig. 21 FFT spectrum of i,.

Table V Phases difference between grid voltage and grid injected current/ES-
qZSI’s output current

Ap=p(vy)- Ap=p(ve)-
Aiy) i)
FFT results with the
Simulation proposed scheme using -0.7° 16.6°
results AD_PWM
FFT results with the 20.3° 0.9°
scheme using SVM [17] ) )
Experimental FFT results with the
results proposed scheme using 0.5° 14.5°
AD-PWM
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V. CONCLUSIONS

In this paper, the AD-PWM technique for the three-phase
ES-qZS inverter-based PV power system was proposed. A
novel control scheme calculated current reference in natural
coordinates to achieve PV power generation and reactive power
compensation at the same time by using the AD-PWM
technique. By performing switching states and shoot-through
behavior based on the relationship of size among three-phase
voltages, shoot-through reference and complexity vector
calculation are avoided. In addition, as the reactive power
generated by reactive power equipment is taken into account to
control the ES-qZSI’s output current, the proposed control
scheme performed a perfect capability of ensuring the grid-
injected current tracking the desired reference in phase with the
grid voltage, regardless of whether reactive power equipment is
connected to the grid-tied ES-qZS inverter. Meanwhile,
compared with conventional strategies, the simple calculating
process and low computational complexity are the main
advantages of the proposed scheme. A test bench based on
three-phase ES-qZSI PV power system was built to verify the
proposed AD-PWM technique and control strategy. Simulation
and experimental results validated the proposed technique.
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