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Abstract: In order to overcome the shortcoming of large switching losses caused by variable
switching frequency appears in the conventional finite control set model predictive control
(FCS-MPC) algorithm, a model predictive direct power control (MP-DPC) for an energy
storage quasi-Z-source inverter (ES-qZSI) is proposed. Firstly, the power prediction model
of the ES-qZSI is established based on the instantaneous power theory. Then the average
voltage vector in the 𝛼𝛽 coordinate system is optimized by the power cost function. Finally,
the average voltage vector is used as the modulation signal, and the corresponding switching
signal with fixed frequency is generated by the shoot-through segment space vector pulse
width modulation (SVPWM) technology. The simulation results show that the ES-qZSI
realizes six shoot-through actions per control cycle and achieves the constant frequency
control of the system, which verifies the correctness of the proposed control strategy.

Key words: energy-stored quasi-Z-source inverter, constant frequency control, model pre-
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1. Introduction

With the increasing contradiction of environmental pollution and energy structure imbalance,
the renewable energy power generation technology represented by solar energy has been widely
studied by scholars at home and abroad [1]. As the core component of renewable energy and power
grid, inverter’s topology and control strategy directly affect power transmission quality of the grid-
connected system. A quasi-Z-source inverter (qZSI) not only inherits a single-stage boosted and
contravariant function of the Z-source inverter, but also has the unique advantages of continuous
input current and a low device voltage level, so it is widely used in the photovoltaic power
generation system [2–4]. However, photovoltaic output power is affected by the fluctuations of
external environment, which will lead to unbalanced grid-connected voltage and increased current
harmonics [5,6]. Therefore, it is necessary to add energy storage devices in the system to improve
above problems. In reference [7], a qZSI topology that paralleled the energy storage device to the
capacitor 𝐶1 is proposed to realize energy storage without an additional converter and charge-
discharge circuit. Through the introduction of an energy storage device to realize bidirectional
flow of system power, the power balance of the energy storage quasi-Z-source inverter (ES-qZSI)
system is adjusted, the impact of photovoltaic power fluctuation on the grid is reduced, and
investment cost is reduced [8, 9]. Based on the advantages of the ES-qZSI structure compared
with the traditional grid-connected inverter, this paper chooses the inverter to connect PV array
and power grid to achieve a high-performance grid-connected inverter system.

Direct power control (DPC) is widely studied by scholars because of its easy implementation,
a low-current distortion rate and fast dynamic response [10–12]. However, the traditional DPC
system generally uses a power hysteresis comparator and switching vector table to select a
voltage vector. This method of controlling a switch tube will increase switching losses of the
system and generate additional harmonics, which makes the filter design difficult [13]. Therefore,
relevant scholars propose to introduce model predictive control into DPC algorithm, so that the
space vector pulse width modulation (SVPWM) technology can be effectively combined with
DPC. While the switching frequency of a DPC is fixed, it also maintains its fast-dynamic power
tracking response characteristics. Therefore, it is applied in many fields such as the PWM rectifier,
three-phase grid-connected inverter, single-phase three-level pulse rectifier, AC/DC converter and
other fields [14–18]. In view of the problem that the switching frequency of MP-DPC is not fixed,
the constant frequency model predictive power control of three-phase PWM rectifier is realized
by combining space vector pulse width modulation in reference [19], which effectively reduces
switching losses and current harmonics of the system. In reference [20], a finite switching sequence
model predictive direct power control method is proposed to realize the fixed frequency control
of an energy storage quasi-Z-source inverter.

Based on the above analysis, a model predictive direct power control (MP-DPC) strategy for an
energy storage quasi-Z-source a photovoltaic grid-connected inverter is studied. In this method,
instantaneous value of active and reactive power output by the inverter is used as controlled
variable, and the average voltage vector in the 𝛼𝛽 coordinate system is obtained by the model
predictive controller. The average voltage vector is sent into the shoot-through segment SVPWM
module to modulate fixed switching signal. Finally, photovoltaic grid-connected system model of
an energy storage quasi-Z-source inverter is built, and the effectiveness of the proposed control
strategy is verified by simulation.



Vol. 71 (2022) Model predictive direct power control of energy storage quasi-Z-source inverter 23

2. Power prediction model of ES-qZSI

The photovoltaic grid-connected topology of an energy storage quasi-Z-source inverter is
shown in Fig. 1. The system consists of PV array, energy storage battery and quasi-Z-source
three-phase inverter bridge. The inverter is connected to the AC side grid through filter inductor.
𝑒𝑎, 𝑒𝑏 , 𝑒𝑐 represent three-phase grid-side voltage.
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Fig. 1. Topology of Energy-stored quasi-Z-source photovoltaic grid-connected inverter

The ES-qZSI has two working states of non-shoot-through and shoot-through [21], and its
equivalent circuit is shown in Fig. 2(a) and Fig. 2(b). When the ES-qZSI works in the shoot-
through state, the diode is turned off because its applied voltage is the reverse voltage. At this time,
the photovoltaic cell and capacitor provide electric energy to the inductor at the same time, and
the inverter and power grid can be equivalent to one conductor. When the ES-qZSI works in the
non-shoot-through state, the diode is turned on because its applied voltage is a positive voltage.
At this time, both PV cell and inductor provide electric energy to the capacitor, and additional
energy is supplied to the load. The inverter and power grid can be equivalent to a constant current
source, and the inverter bridge works in one of the eight traditional effective switching states.
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Fig. 2. DC equivalent circuit of ES-qZSI: shoot-through state (a); non-shoot-through state (b)
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Assuming that the diodes, inductors and capacitors in the impedance source network are ideal
components, the state equation of the impedance source network in the shoot-through state can
be deduced according to Kirchhoff’s voltage law, as shown in Eq. (1):

𝑢𝐿1 = 𝑢𝑝𝑣 + 𝑢𝐶2 , 𝑢𝐿1 = 𝑢𝐶1 , 𝑢𝑑𝑐 = 0. (1)

Similarly, the state equation of impedance source network in the non-shoot-through state as
shown in Eq. (2):

𝑢𝐿1 = 𝑢𝑝𝑣 − 𝑢𝐶1 , 𝑢𝐿2 = −𝑢𝐶2 , 𝑢𝑑𝑐 = 𝑢𝐶1 + 𝑢𝐶2 . (2)

𝐷 =
𝑇𝑠ℎ

𝑇𝑠
is defined as a shoot-through duty cycle, which represents the acting time of the

shoot-through state in one control cycle. The relationship between 𝑢𝑑𝑐 , 𝑢𝐶1, 𝑢𝐶2 and 𝑢𝑝𝑣 of the
ES-qZSI system at a steady state can be obtained from the average voltage of inductance equal to
0 in one cycle (volt second balance principle) as shown in Eq. (3):

𝑢𝐶1 =
1 − 𝐷

1 − 2𝐷
𝑢𝑝𝑣

𝑢𝐶2 =
𝐷

1 − 2𝐷
𝑢𝑝𝑣

𝑢𝑑𝑐 = 𝑢𝐶1 + 𝑢𝐶2 =
1

1 − 2𝐷
𝑢𝑝𝑣 = 𝐵𝑢𝑝𝑣

, (3)

where 𝑢𝑑𝑐 is the DC link voltage of the ES-qZSI in the non-shoot-through state. From Formula (3),
it can be seen that due to the addition of shoot-through state, 𝑢𝑑𝑐 is 𝐵 times of the input 𝑢𝑝𝑣 , and
𝐵 is defined as the boost coefficient. Therefore, the peak output AC voltage of the energy storage
quasi-Z-source inverter as shown in Eq. (4):

𝑢𝑚 =
1
2
𝑢𝑑𝑐𝑀 =

1
2
𝑀𝐵𝑢𝑝𝑣 , (4)

where 𝑀 represents the modulation ratio.
Since there is a certain coupling relationship between 𝑀 and 𝐷, this paper adopts a shoot

through segment SVPWM to improve utilization rate of DC voltage and reduce switching fre-
quency of the system.

The output current prediction model of three-phase inverter in the 𝑎𝛽 coordinate can be
expressed as Eq. (5): 

d𝑖𝛼
d𝑡

=
1
𝐿
(𝑢𝛼𝑛 − 𝑅𝑖𝛼 − 𝑒𝛼)

d𝑖𝛽
d𝑡

=
1
𝐿

(
𝑢𝛽𝑛 − 𝑅𝑖𝛽 − 𝑒𝛽

) , (5)

where 𝑒𝛼 and 𝑒𝛽 are the 𝛼 and 𝛽 components of grid-side voltage.
Assuming three-phase network voltage is balanced, the calculation formula of the output 𝑃

and 𝑄 of the ES-qZSI at 𝑘 time can be calculated according to the instantaneous power theory,
as shown in Formula (6): 

𝑃(𝑡) = 3
2
(
𝑒𝛼𝑖𝛼 + 𝑒𝛽𝑖𝛽

)
[6𝑝𝑡]𝑄(𝑡) = 3

2
(
𝑒𝛽𝑖𝛼 − 𝑒𝛼𝑖𝛽

) . (6)
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The power change rate can be calculated by Eq. (7):
d𝑃(𝑡)

d𝑡
=

3
2

(
𝑖𝛼

d𝑒𝛼
d𝑡

+ 𝑒𝛼
d𝑖𝛼
d𝑡

+ 𝑖𝛽
d𝑒𝛽
d𝑡

+ 𝑒𝛽
d𝑖𝛽
d𝑡

)
d𝑄(𝑡)

d𝑡
=

3
2

(
𝑖𝛼

d𝑒𝛽
d𝑡

+ 𝑒𝛽
d𝑖𝛼
d𝑡

− 𝑖𝛽
d𝑒𝛼
d𝑡

− 𝑒𝛼
d𝑖𝛽
d𝑡

) . (7)

Under the condition of three-phase voltage balance and pure sinusoidal waveform, an instan-
taneous change rate of voltage is defined as Eq. (8):

d𝑒𝛼
d𝑡

= −𝜔𝑒𝛽
d𝑒𝛽
d𝑡

= 𝜔𝑒𝛼

. (8)

Bring Formulas (7) and (8) into Formula (6), then the expressions of 𝑃 and 𝑄 can be deduced
as Formula (9):

d𝑃(𝑡)
d𝑡

=
3

2𝐿

(
𝑒2
𝛼 − 𝑒𝛼𝑢𝛼 − Re𝛼𝑖𝛼 + 𝑒2

𝛽
− 𝑒𝛽𝑢𝛽 − Re𝛽𝑖𝛽

)
+ 𝜔

(
𝑒𝛼𝑖𝛽 − 𝑒𝛽𝑖𝛼

)
d𝑄(𝑡)

d𝑡
=

3
2𝐿

(
𝑒𝛼𝑢𝛽 − 𝑒𝛽𝑢𝛼 + Re𝛼𝑖𝛽 − Re𝛽𝑖𝛼

)
+ 𝜔

(
𝑒𝛼𝑖𝛼 + 𝑒𝛽𝑖𝛽

) . (9)

Suppose that the values of 𝑃 and 𝑄 derivatives at 𝑘 time are 𝑋 and 𝑌 , then Formula (9) is
defined as Formula (10): 

d𝑃(𝑡)
d𝑡

���
𝑡=𝑘

=
𝑃(𝑘 + 1) − 𝑃(𝑘)

𝑇𝑠
= 𝑋

d𝑄(𝑡)
d𝑡

���
𝑡=𝑘

=
𝑄(𝑘 + 1) −𝑄(𝑘)

𝑇𝑠
= 𝑌

. (10)

The predicted values of active and reactive power at 𝑘 + 1 time are shown in Eq. (11):{
𝑃(𝑘 + 1) = 𝑋𝑇𝑠 + 𝑃(𝑘)

𝑄(𝑘 + 1) = 𝑌𝑇𝑠 +𝑄(𝑘)
. (11)

3. MP-DPC strategy

MP-DPC is divided into two parts: voltage outer loop control and power inner loop control. It
is mainly composed of a system sampling circuit, instantaneous power control, model predictive
controller, shoot-through segment SVPWM module and PI regulator. An ES-qZSI system control
block diagram is shown in Fig. 3.

The working principle of control strategy is as follows: input voltage 𝑢𝑝𝑣 and current 𝑖𝐿1 are
sampled, input voltage is stabilized by a photovoltaic power control module, and shoot-through
duty cycle 𝐷 is obtained. Grid voltage and current are sampled and converted into voltage 𝑒𝛼,
𝑒𝛽 and current 𝑖𝛼, 𝑖𝛽 in 𝛼𝛽 coordinate by coordinate transformation. Instantaneous values of 𝑃
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Fig. 3. MP-DPC structure block diagram of ES-qZSI

and 𝑄 are obtained by the instantaneous power calculation formula, and then power reference
value 𝑃∗ is obtained from a three-terminal power calculation module. In order to realize a unit
power grid connection, let 𝑄∗ = 0. Taking 𝑒𝛼, 𝑒𝛽 , 𝑖𝛼, 𝑖𝛽 , 𝑃∗ and 𝑄∗ = 0 as the input of a model
predictive controller, the tracking error between instantaneous power and given power reference
value is eliminated by a model predictive algorithm, and then average voltage vectors 𝑢𝛼 and 𝑢𝛽

required for each switching cycle are obtained. The voltage vector and the duty cycle 𝐷 obtained
by photovoltaic power control are modulated by space vector modulation for qZSI to obtain a
corresponding switching state, and the switching state is applied to the inverter control in the
next cycle to achieve the goal of grid-connected current tracking without static error and fixed
switching frequency control.

3.1. Three terminal power control
The ES-qZSI system belongs to a three-terminal power balance mode (photovoltaic power,

battery power and grid-connected power control). The photovoltaic power control module uses
MPPT control to obtain maximum power point voltage, and the voltage is used as input voltage
reference value of system. The difference between the reference value and actual value of the
input voltage is adjusted by a PI controller. Shoot-through duty cycle 𝐷 is shown in Eq. (12):

𝐷 = 𝑘 𝑝

(
𝑢∗𝑝𝑣 − 𝑢𝑝𝑣

)
+ 𝑘𝑖

∫ (
𝑢∗𝑝𝑣 − 𝑢𝑝𝑣

)
d𝑡, (12)

where 𝑘 𝑝 and 𝑘𝑖 are the proportional and integral coefficients of the output voltage controller of
the photovoltaic array. The shoot-through duty cycle can realize maximum power tracking and
boost control of the inverter through space vector modulation for the qZSI.
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The battery power control module realizes the purpose of flexibly adjusting the power dif-
ference between the system input power and the grid connected power and stabilizing the power
fluctuation of photovoltaic and power grid through reasonable energy management of the energy
storage quasi-Z-source inverter [22]. The reference value of output current can be obtained from
the power balance equation, as shown in Formula (13):

𝑃∗ = 𝑢𝑝𝑣 𝑖𝐿1 − 𝑢𝐵𝑖
∗
𝐵 , (13)

where 𝑢𝐵 and 𝑖𝐵 are the battery voltage and current.
During energy management of energy storage quasi-Z-source inverter, it is necessary to ensure

that the state of charge (SOC) of the battery works within a reasonable range without charge and
discharge. The SOC value is the ratio of the remaining capacity of the battery to its rated capacity.
The battery can operate in three working states: charging state, no charge and discharge state and
discharge state [23]. The power flow direction of the system is shown in Fig. 4.

1. State of charge: the grid power is less than the power output by the PV array, and the
remaining power is absorbed by the battery, that is, 𝑖𝐵 > 0, 𝑖𝐿1 > 𝑖𝐿2, 𝑃𝐵 > 0, 𝑃𝑝𝑣 > 𝑃out.

2. No charge and discharge state: the output power of PV array is equal to the power grid, and
the battery is neither charged nor discharged, that is, 𝑖𝐵 = 0, 𝑖𝐿1 = 𝑖𝐿2, 𝑃𝐵 = 0, 𝑃𝑝𝑣 = 𝑃out.

3. Discharge state: the grid power is greater than the power output by the PV array, and the
missing power will be supplemented by the battery, that is, 𝑖𝐵 < 0, 𝑖𝐿1 < 𝑖𝐿2, 𝑃𝐵 < 0,
𝑃𝑝𝑣 < 𝑃out.
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power 
gridqZSI

battery

PV
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battery

PV
array

power
gridqZSI

battery

(a) (b) (c)
Fig. 4. System power flow direction: state of charge (a); no charge and discharge state (b); discharge state (c)

The selection basis for parameters of the battery: due to

𝑢𝐵 = 𝑢𝐶1 =
1 − 𝐷

1 − 2𝐷
𝑢𝑝𝑣 ,

when 𝑢𝑑𝑐 = 800 V and 𝑢𝑝𝑣 = 533.28 V, they can be obtained according to Eq (3). At this time,
the through duty cycle of the ES-qZSI system 𝐷 = 0.197 and 𝑢𝐵 = 707 V. Therefore, the rated
capacity and rated voltage of the battery are set to 40 Ah and 707 V, respectively, and the initial
SOC percentage is 80%.

3.2. Model predictive controller
The average voltage vector of the inverter can be obtained by introducing a model predictive

control algorithm. The voltage vector is modulated by space vector modulation for a qZSI, which
can modulate signal of switching control switch, so as to realize constant frequency control of
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the ES-qZSI system. Therefore, it is necessary to design a cost function and minimize it to obtain
optimal values of average voltage vectors 𝑢𝛼 and 𝑢𝛽 . The cost function is shown in Eq. (14):

𝑔 = [𝑃∗ (𝑘) − 𝑃(𝑘 + 1)]2 + [𝑄∗ (𝑘) −𝑄(𝑘 + 1)]2
. (14)

In order to reduce power tracking error, the optimal voltage vector corresponding to minimiz-
ing the cost function 𝑔 is obtained by setting

𝜕𝑔

𝜕𝑢𝛼

= 0,
𝜕𝑔

𝜕𝑢𝛽
= 0.

The partial derivatives of the cost function to 𝑢𝛼 and 𝑢𝛽 are shown in Formula (15):
𝜕𝑔

𝜕𝑢𝛼

= 𝑇𝑠

[
3𝑒𝛼
𝐿

(𝑃∗ (𝑘) − 𝑃(𝑘) − 𝑋𝑇𝑠)
]
+ 𝑇𝑠

[3𝑒𝛽
𝐿

(𝑄∗ (𝑘) −𝑄(𝑘) − 𝑌𝑇𝑠)
]

𝜕𝑔

𝜕𝑢𝛽
= 𝑇𝑠

[3𝑒𝛽
𝐿

(𝑃∗ (𝑘) − 𝑃(𝑘) − 𝑋𝑇𝑠)
]
− 𝑇𝑠

[
3𝑒𝛼
𝐿

(𝑄∗ (𝑘) −𝑄(𝑘) − 𝑌𝑇𝑠)
] . (15)

Let Eq. (15) be equal to 0, then output voltage vectors 𝑢𝛼 and 𝑢𝛽 of the inverter are shown in
Formula (16):

𝑢𝛼 (𝑘) =
𝑒3
𝛼 + 𝑒𝛼𝑒

2
𝛽

𝑒2
𝛼 + 𝑒2

𝛽

− 𝑅𝑖𝛼 + 2
3
𝐿𝜔𝑖𝛽 − 2𝐿

3𝑇𝑠
(
𝑒2
𝛼 + 𝑒2

𝛽

) [
𝑒𝛼𝑒𝑃 (𝑘) + 𝑒𝛽𝑒𝑄 (𝑘)

]
𝑢𝛽 (𝑘) =

𝑒3
𝛽
+ 𝑒𝛽𝑒

2
𝛼

𝑒2
𝛼 + 𝑒2

𝛽

− 𝑅𝑖𝛽 − 2
3
𝐿𝜔𝑖𝛽 − 2𝐿

3𝑇𝑠
(
𝑒2
𝛼 + 𝑒2

𝛽

) [
𝑒𝛽𝑒𝑃 (𝑘) − 𝑒𝛼𝑒𝑄 (𝑘)

] , (16)

where 𝑒𝑃 (𝑘) = 𝑃∗ (𝑘) − 𝑃(𝑘)𝑒𝑄 (𝑘) = 𝑄∗ (𝑘) −𝑄(𝑘).
After calculating the average voltage vector of the inverter in each control cycle, the corre-

sponding switching state is obtained by the space vector modulation for the qZSI.

3.3. Space vector modulation for qZSI
The traditional SVPWM strategy belongs to buck modulation, and the maximum amplitude

of its reference voltage is limited to the effective voltage vector (the maximum value can be taken
as

𝑢𝑑𝑐√
3

). Therefore, the traditional SVM is not suitable for the ES-qZSI that needs to achieve

voltage buck-boost function. According to the different number of distribution segments in the
shoot through state, the existing research on the space vector modulation for a qZSI can be divided
into three types: ZSVM2, ZSVM4 and ZSVM6. The three ZSVM methods are compared and
analyzed in the the reference [24] on the switching modulation mode, the maximum voltage stress
and the maximum shoot through duty cycle. It is concluded that ZSVM6 can fully utilize zero
vector action time, and because it inserts multi-segment shoot-through times in in per control
cycle, the inductor current ripple is small and the modulation factor range is wide, so it has better
comprehensive performance. Therefore, ZSVM6 strategy is mainly used in the space vector
modulation for a qZSI to achieve fixed switching frequency and reduce switching losses.
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The ZSVM6 strategy of a three-phase energy storage quasi-Z-source inverter, under the
premise of ensuring the active time 𝑇1 and 𝑇2 of the active voltage vectors u1 and u2 unchanged,
reasonably inserts six equal parts of shoot-through time 𝑇𝑠ℎ into the conversion time of the
traditional zero vector and active vector, making full use of the operation time of the traditional
zero vector. If only a single-phase bridge arm is shoot-through in each switching cycle, three
shoot-through zero vectors, u𝑠1, u𝑠2 and u𝑠3 are generated, without increasing its switching
frequency and switching losses [25, 26]. The space voltage vector of an ES-qZSI is shown in
Fig. 5(a). It can be seen that the modulation range of the reference voltage vector can be extended
to the outer circle (that is, the value range of

��U∗
𝑀

�� can be increased to 𝐵
𝑢𝑑𝑐√

3
) due to the insertion

of shoot-through zero vector u𝑠ℎ , which effectively uses the dc-link voltage, and achieves the
purpose of boost control on the premise of realizing the through mode. The switch sequence of
the ZSVM6 strategy is shown in Fig. 5(b).
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Fig. 5. ZSVM6 strategy of the ES-qZSI in sector I: synthesis schematic diagram of ZSVM6 (a); switch
sequence of ZSVM6 (b)

After considering the shoot-through state, the expression of the reference voltage vector of
the first sector can be obtained, as shown in Eq. (17):

u∗ = u1
𝑇1
𝑇𝑠

+ u2
𝑇2
𝑇𝑠

+ u0
𝑇0
𝑇𝑠

+ u𝑠ℎ

𝑇𝑠ℎ

𝑇𝑠
. (17)

Since u0 and u𝑠ℎ are not involved in the synthesis of u∗, actuation duration of each vector is
derived as Eq. (18):

𝑇𝑠 = 𝑇1 + 𝑇2 + 𝑇0 + 𝑇𝑠ℎ , u0
𝑇0
𝑇𝑠

+ u𝑠ℎ

𝑇𝑠ℎ

𝑇𝑠
= 0. (18)

It can be seen from Eq. (17) and Eq. (18) that the reference voltage vector of the ES-qZSI
before and after inserting the shoot-through vector remains unchanged.

The blue region in the Fig. 5(b) represents the action time of six inserted through vectors,
and red and yellow regions represent the action time of two active voltage vectors, which are the
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same as the time interval 𝑇𝑥/2 and 𝑇𝑦/2 of the traditional SVPWM. The white region represents
the action time of the zero vector, and the time interval is 𝑇0/4. The specific control process is as
follows: in the first half cycle of sector I, switch 𝑆1 is turned on for 𝑇𝑠ℎ/4 in advance to generate
the first-stage through, and 𝑆6 is delayed to turn off 𝑇𝑠ℎ/12 to generate the second-stage through,
However, this state takes up the action time of the effective vector {110} 𝑇𝑠ℎ/12. In order not to
change the action time of this vector, 𝑆2 needs to be delayed by 𝑇𝑠ℎ/12 before turning off, and at
the same time delaying 𝑇𝑠ℎ/12 for turning off to generate the third stage through, the switching
principle of the second half cycle and the remaining five sectors is the same as the above.

4. Simulation results

According to the principle of the MP-DPC strategy, the simulation model of the MP-DPC
strategy system of an energy storage quasi-Z-source inverter is built in MATLAB/Simulink to
verify the feasibility and effectiveness of the proposed method. The main parameters of the
ES-qZSI system are shown in Table 1.

Table 1. Simulation parameters of system

Parameter name Symbol Value Unit

Grid voltage 𝑒 380 V

Input voltage 𝑢𝑝𝑣 540 V

Capacity of energy storage battery 𝐶 40 AH

Battery voltage 𝑢𝐵 707 V

Internal resistance of photovoltaic cells 𝑟𝑠 2.58 Ω

Quasi-Z-source source network inductance 𝐿1, 𝐿2 1 mH

Quasi-Z-source source network capacitance 𝐶1, 𝐶2 3000, 800 μF

Sampling frequency 𝑓 10 kHz

4.1. Simulation results of DC side
The ES-qZSI is set to operate under the condition that the ambient temperature remains

unchanged at 25◦C, the light intensity increases from 800 W/m2 to 1 kW/m2 at 0.5 s, and decreases
from 1 kW/m2 to 600 W/m2 at 1 s. The simulation results of its DC side are shown in Fig. 6.

Figure 6(a) shows the inductance current waveform when the light intensity changes. It can
be seen that the inductance current increases from 84 A to 106 A at 0.5 s, and decreases from
106 A to 64 A at 1 s. Figure 6(b) shows the current waveform of the battery under the change of
photovoltaic power. The battery current changes from –14 A (discharged state) to 2 A (charged
state) at 0.5 s, and from 2 A (charged state) to –30 A (discharged state) in 1 s. It can be seen
from Fig. 6(c) that when the PV conditions change, the PV cell always runs at the maximum
power point due to MPPT control, and the photovoltaic voltage is 538 V. Figure 6(d) shows
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. Simulation results for DC side of ES-qZSI: current waveform of inductance 𝐿1 (a); current waveform
of battery (b); voltage waveform of PV (c); voltage waveform of inductance𝐶1 and𝐶2 (d); voltage waveform

of DC link (e); partial enlarged waveform of DC link voltage (f)

that the voltage of capacitor 𝐶1 and 𝐶2 in the ES-qZSI network is constant, and the voltage of
capacitor 𝐶1 is approximately equal to the terminal voltage of the energy storage battery, which
is 707 V. Figure 6(e) is the waveform of the DC side voltage 𝑢𝑑𝑐 . It can be seen that 𝑢𝑑𝑐 changes
periodically between the maximum value of 900 V and 0 V, and its maximum value is the sum of
two capacitance voltages, which realizes the maximum boost of the ES-qZSI without increasing
the switching frequency. In each control cycle, the ES-qZSI realizes six shoot-through actions.
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As shown in the partial enlarged diagram of 𝑢𝑑𝑐 in Fig. 6(f), the correctness of the proposed
ZSVM6 algorithm is verified.

4.2. Simulation results of AC side

The simulation waveforms of the AC side parameters of the ES-qZSI are shown in Fig. 7.

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Simulation results for AC side of ES-qZSI: three phase current waveform of grid-connected (a);
three phase current waveform of grid-connected (0.9 ~ 1.1 s) (b); voltage and current waveform of A-phase
(0.9 ~ 1.1 s) (c); SOC waveform of battery (d); power waveform of three phase(e); A-phase current spectrum

analysis result (f)
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Figure 7(a) and Fig. 7(b) are the grid-connected current waveforms and their partial diagrams.
It can be seen that the grid-connected current fluctuates 0.02 s and then quickly returns to a stable
state, which has good fast dynamic response performance and good current waveform quality.
Figure 7(c) is the partial diagram of the voltage and current waveforms of the A-phase on the
grid side. It can be seen that the frequency and phase of the A-phase voltage and current are
the same, that is, there is no reactive power injected into the grid. Figure 7(d) and Fig. 7(e) is,
respectively, the state of charge and three-terminal power waveform of the ES-qZSI battery. It can
be seen that in 0 s ~ 0.5 s, the photovoltaic power is less than the grid-connected power, the SOC
of the battery decreases, and the battery is in the discharge state, releasing its stored energy to
compensate for the grid-connected power shortage. Within 0.5 s ~ 1 s, the photovoltaic power is
greater than the grid-connected power, and the SOC of the battery increases, and the battery is
in the charging state. The fluctuation of the grid-connected power is suppressed by absorbing
excess power. Within 1 s ~ 1.5 s, the SOC of the battery decreases, and the battery discharges
again. Figure 7(f) is the spectrum analysis diagram of the A-phase current in the network side
of the system. Due to ZSVM6 control is added to MP-DPC method in the ES-qZSI system, the
harmonics of the A-phase current in the grid side are mainly concentrated in the vicinity of the
sampling frequency and its integral multiples, which solves the problem of large switching losses
caused by unfixed switching frequency. The THD content of the A-phase current in the network
side of the system is 1.94%, and the quality of the grid-connected current is high, which meets
the requirements of the IEEE photovoltaic grid connection index.

5. Conclusions

Based on the traditional MP-DPC strategy, we proposed an improved MP-DPC strategy
suitable for energy storage quasi-Z-source grid-connected inverters by combining SVPWM tech-
nology to fix the system switching frequency control. By analyzing the simulation results, the
following conclusions were obtained.

1. The proposed control strategy not only realizes the control of photovoltaic input power, but
also realizes the optimal control of active power and reactive power on the AC side of the
inverter.

2. The PI controller and hysteresis controller in the traditional DPC strategy are replaced by
the model predictive controller, which effectively reduced the current harmonics of the
system and greatly improved the response speed and control accuracy.

3. The fixed switching signal can be generated by using ZSVM6 modulation, which can
effectively reduce the switching losses during system operation, and the system has good
dynamic and steady performance.

This paper only studies the ideal performance of power grid voltage balance. Next, it is
necessary to analyze the model to predict the impact of direct power control on the system in
different states, such as low voltage ride through.
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