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The quasi-Z-source inverter (qZSI) has some unique advantages and is suitable for photovoltaic (PV) sys-
tem. This paper proposes a new topology—a qZSI with battery for PV power generation system. Battery is
paralleled with one of the capacitors in quasi-Z-source (qZS) network, instead of an additional DC/DC
converter. This system inherits all the advantages of qZSI. Besides, with a battery, the system can smooth
the grid-injected power when PV power fluctuates. The operating principle of the new topology is ana-
lyzed and the design scheme of the qZS network is presented. And then, closed-loop control strategy
for the proposed system is designed to manage the three power flows of PV panel, grid, and battery in
the system. Maximum Power Point Tracking (MPPT) has been implemented in the qZSI with battery-
based PV system by using the proposed control scheme. Different operating modes are simulated. A
small-scale power prototype with a real PV panel is built to test the proposed system. The simulation
results and experimental results verify the proposed circuit, theoretical analysis, and the control scheme.
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1. Introduction

The Z-source inverter (ZSI) and quasi-Z-source inverter (qZSI)
have been employed for PV power generation system due to some
unique features and advantages [1-9]. PV panel outputs a fluctuat-
ing power due to the variation of solar irradiation and temperature.
An energy storage system could be added in the system to smooth
the fluctuation of grid-injected power [10-15], where the battery
is connected to the system either by an extra DC/DC converter in
the DC side or by an extra DC/AC converter in the AC side. These
structures make the power generation system more complex and
expensive, low efficiency and low reliability.

In [16], application of Z-source inverter to traction drive of fuel
cell-battery hybrid electric vehicles was studied, where one of the
capacitors in Z-source network was replaced by a battery and the
experimental results verified this kind of concept. The same idea
can be used to qZSI based PV power system when a battery is con-
nected to a capacitor in parallel. However, with a battery, the qZSI
will present different characteristics in terms of operating princi-
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ple, inductor currents, battery current, capacitor voltages, and dc-
link voltage, etc.

This paper will propose a new PV interface inverter through
integrating qZSI with battery. Its operating principle, parameter
design method, and detailed analysis are investigated. Two control
variables, i.e., the shoot-through duty ratio and the modulation in-
dex are used to control the output power of PV panel, the power
injected to the grid, and the state of charge (SOC) of battery. MPPT
algorithm ensures the PV panels’ maximum power point (MPP) all
the time. Simulation results and experimental results verify the
proposed circuit, theoretical analysis, and control scheme.

2. Proposed quasi-Z source inverter with battery and analysis

The qZSI can buck and boost the input voltage in a single stage
with two control variables, i.e., the shoot-through duty ratio D and
the modulation index M [4-9,17]. If an additional battery is con-
nected to the qZSI network in parallel with a capacitor, the config-
uration of the qZSI with battery for PV power generation system is
shown in Fig. 1.

Equivalent circuits are shown in Figs. 2a and b, when the pro-
posed circuit operates in two state: non-shoot-through state and
the shoot-through state, respectively. All the voltages and the cur-
rents are defined in Figs. 2a and b. Assuming T is one switching cy-
cle, Ty is the interval of the shoot-through state; T; is the interval of
non-shoot-through state; their relationship is To + T; = T, and the
shoot-through duty ratio D = Ty/T.
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Fig. 1. qZSI with battery for PV system.
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Fig. 2. Equivalent circuit of the qZSI with battery.

In Fig. 2a, the inverter operates at the non-shoot-through state
T,. The dynamic equations are

L5 d'“ = Upy — Uci
L, % = -V

C1 dva =1y — ipN
G5 dvcz =i —ipy — lp

In Fig. 2b, the inverter operates at the shoot-through state Tj.
The dynamic equations are

dij
LTt = vpv + V2

Ly %2 — ye
dt
2
C dvcy —i ( )
13t — L2
d . .
G52 =~y — 1

In steady state, the average voltages of the inductors over one
switching cycle T are zero and the average currents of the
capacitors over one switching cycle T are zero. Using (1) and (2),
the average voltage and current equations are derived as follows:

Ly 45 — (1= D) - (2py = 1) + D+ (#y + ¥c2) = 0

L, dle t=(1-D) - (-v2)+D-(vc1) =0 3)
C; 2%t — (1 - D) - (it — ipy) + D+ (~i2) =0

C, {ezhn VCZ =(1-=D) (i —ipn—1ip)+D- (=g —1ip) =0

where the symbol (x)r denotes the average value of instantaneous
variable x in the period T.

From (3), the capacitor voltages and inductor currents can be
obtained as:

_1D
{ Vet = 155 Upv 4)

D
Vea = 123p Ypv

. D-iy+(1-D)-ij
{lLl _ Diy 1(—2D) PN

. oo 5)
iy = (1—D)~l,1]ir§1D—D)~le

The DC-link peak voltage Zpy can be derived from the sum of
two capacitor voltages, vc; and ¢, by:
Upn = Va1 + Ve (6)
Two inductor currents iy, iio, and the battery current i, have
relationship with
i — iy =1y (7)
The PV power can be calculated by:
Ppy = ipy - Upy =11 - Upy 8)

For battery, its voltage w, is equal to 7, approximately, if ignor-
ing the voltage drop on the battery internal resistance. So the bat-
tery power can be calculated by:

Pbattery = ib cUp = ib 4} (9)

Neglecting the loss of the inverter, the load power is equal to
the power flowed into the DC side of the inverter. During the
non-shoot-through state T;, the DC-link voltage across the inverter
bridge is

Upn = Upn (10)
During the shoot-through state Ty, the DC-link voltage across
the inverter bridge is
UpN = 0 (11)
Based on (10) and (11), for one switching cycle T, the load
power can be expressed by:
Pioaa = Vpn -ipn = (1 —D) - ¥py -ipn + D - 0
=(1-D)- vpy - ipy (12)

Using (4)-(12), the power relationship in the proposed system
can be derived as:

va - Pload = Pbattery (13)

Egs. (7) and (13) indicate three operating states for the battery:
(1) while the battery charging, there are i, > 0, it > ir1, Ppattery > 0
and Ppy > Pioaq; (2) while the battery discharging, there are i, <0,
itz <it1, Poattery <0 and Ppy < Pioag; and (3) while no charging and
discharging, there are iy, = 0, iry = i1, Ppattery = 0 and Ppy = Pjoaq. They
are obviously different from traditional qZSI.

3. Parameter design of qZS impedance network

As shown in Fig. 1, the impedance network of the qZSI with
battery includes two inductors L; and L,, two capacitors C; and
C,, and a diode. Their parameters are designed in the following
subsections.
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3.1. gZS capacitance design

The qZS capacitors release energy to the qZS inductors during
the shoot-through state; while the qZS inductors charge the qZS
capacitors during the non-shoot-through state. So during the
shoot-through state, we have

A
Aver = ici =— 14
Uci c1 G (14)

If the carrier frequency is fs in the system, the switching fre-
quency of the capacitors is doubled with 2f; when using the simple
boost control method [4,18]. Therefore, there is

D . .
At:2—f57 ic1 =12

and the capacitance C; can be calculated by:

. D
Ci=ipF—— 15
1 L2 2f5A7/c1 ( )
If we set the ripple voltage of qZS capacitors as:
Avcic < avci e (16)
The capacitance C; will be
Cizip =—— 17
! L2 2fsavc1 ( )
In the same way, the capacitance C; will be
D
C (18)

D I —
2 = 2 zfsaUCZ

3.2. qZS inductance design

As the qZS inductors are charged during the shoot-through
state, we have
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Fig. 4. P-V and I-V characteristics of the PV panel under different solar irradiation

and constant temperature 28 °C.

The gZS inductor’s ripple current is defined as:

Aiy 1o < by (21)
So the inductance L; can be estimated as:
D
Ly > —— 22
1 Uc 2fbin (22)
In the same way, the inductance L, is calculated by:
L, > (23)

YA 3f bins

3.3. qZS diode design

As shown in Fig. 2, qZS diode is in forward conduction during
non-shoot-through state; while it is turned off during shoot-
through state because of the negative voltage. So we design the
diode according to the voltage stress in shoot-through state and
the current stress in non-shoot-through state.

P

. A
Al]_] =711 L_ (19)
1
where
D
At_Zifs’ v = Uct
and the inductance L, can be obtained as [4,18]:
D
Ly = oy 55— 20
1 c1 2f5AlL1 ( )
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Fig. 3. qZSI-battery PV power system.
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Fig. 5. Simulation results for the first case.

The voltage stress across the diode in shoot-through state is
(24)

The current flowing through the diode in non-shoot-through
state is

Up = Va1 + Ve = Up

Ip = iip +ic1 = Iy + iz — IpN

(25)

When ipy =0, ip will obtain the maximum value, so the maxi-
mum current of the diode is

Ipmax = I + i

(26)

4. Proposed PV power system
4.1. Control scheme

The whole proposed PV power system is shown in Fig. 3. In this
system, the shoot-through duty ratio D and modulation index M
are two control variables. The former is used to achieve the MPPT
of PV panel, and the latter is used to control the grid power.

On the DC side, a closed-loop control of PV panel voltage v, is
employed. A proportional and integral regulator with feedforward
will adjust D to track the MPP of the PV panel.
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Fig. 6. Simulation results for the second case.

Fig. 7. Experimental setup of the proposed PV system.

On the AC side, the grid-injected active power P and the grid-
injected reactive power Q are controlled by the d-axis and g-axis
components of the grid currents. Active power P is set on the basis
of the actual requirement, while the reactive power Q keeps at zero
all the time. The three phase voltages and currents in the grid side
are measured and sent to the voltage controller for calculating the
modulation index M. M and D are combined together to produce
the PWM signals and control the proposed qZSI with battery.

4.2. MPPT algorithm

Fig. 4 shows the P-V and I-V characteristics of the PV panel
(KD135GH-2P, 20 x 3 panels) used in simulation. There are differ-
ent curves when the solar irradiation and temperature are differ-
ent. The MPPT method being used is the Perturb and Observe
(P&0O) method [19,20]. In MPPT control, PV voltage and current
are measured and inputted to the MPPT block. The PV voltage ref-
erence is generated by using P&O algorithm and refreshed every
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Fig. 8. Experimental results.

0.005 s. For different operating conditions (irradiation and temper-
ature), the PV panel will operate at different MPPs.

5. Simulated results

The proposed energy stored qZSI for PV power generation sys-
tem is simulated in MATLAB/Simulink. PV panel with type of
KD135GH-2P is used in simulations. The designed system parame-
ters are: L; =L, =2 mH; C; = G, =300 pF; C3 =1000 pF; L= 10 mH;
r1 =13 =0.01 Q. The grid phase voltage is 110V rms, 50 Hz. A bat-
tery with nominal voltage of 170V is connected in parallel with C,.

5.1. First case: constant PV power and changeable grid-injected power

In this simulation, the solar irradiation and temperature are
kept in 1000 W/m?, 28 °C, respectively. Given grid-injected active
power is 6480 W during 0-0.5s, 5630 W during 0.5-1s, and
4780 W during 1-1.5 s. The grid-injected reactive power is always
kept in 0 Var.

Fig. 5a shows the PV panel voltage. Even though the power in-
jected to the grid changes, the PV panel always operates at the MPP
and provides the constant maximum power to the system. The two
capacitor voltages are shown in Fig. 5b. The voltage of capacitor C,
is nearly constant because of the paralleled battery. The peak DC-
link voltage is equal to the sum of z¢c; and vc,, as shown in Fig. 5c.

Figs. 5d and e show the two inductor currents and battery SOC,
respectively. The input current i ; keeps constant, but the current
of inductor L, varies greatly, which depends on the operating state
of the battery. When the PV power is greater than the power in-
jected to the grid during 0-0.5 s, the battery discharges, and there
is i; < i 1; when the PV power is equal to the power injected to the
grid during 0.5-1 s, the battery keeps no charging and no discharg-
ing, and there is i;, =i;;; when the PV power is smaller than the
power injected to the grid during 1-1.5s, the battery charges,
and there is i, > ip;.

Figs. 5f-h show the grid voltage, the grid current, and the
zoomed voltage and current, respectively. The grid voltage is al-
ways constant, with 110V rms, 50 Hz. The grid current varies
when the power injected to the grid changes. Although PV power
is constant, the grid-injected active power changes from 6480 W
during 0-0.5 s, to 5630 W during 0.5-1 s, and to 4780 W during
1-1.5 s, due to the battery’s energy storage/release. Fig. 5h shows
that the grid voltage and current have the same phase, so the PV
grid-connected system presents a unity power factor.

The shoot-through duty ratio D is constant when operated in
different modes, as shown in Fig. 5i, which is because of the con-
stant PV panel voltage/power. Fig. 5j shows the modulation signal
for SPWM, which presents a little difference for three battery oper-
ating states.

5.2. Second case: constant grid-injected power and changeable PV
power

Fig. 6 shows the simulation results when the PV power changes
due to variation of the solar irradiation, while the grid-injected
power keeps in constant. The solar irradiation is S =900 W/m?
during 0-0.5 s, S =1000 W/m? during 0.5-1's, and S = 1100 W/m?
during 1-1.5 s, but the temperature keeps at T =28 °C. The given
grid-injected active and reactive power are 5630 W and 0 Var,
respectively.

Fig. 6a shows the PV voltage. It increases when the irradiation
changes from 900 W/m? to 1100 W/m?. Figs. 6b and ¢ show the
two capacitor voltages and the DC-link voltage.

The two inductor currents in Fig. 6d and the SOC of battery in
Fig. 6e show the battery operating states. In simulation, the grid-
injected power is kept in 5630 W, and the power difference is bal-
anced by the battery when the PV power is variable. As shown in
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Figs. 6d and e, the battery is discharging during 0-0.5 s, no charg-
ing and no discharging during 0.5-1 s, and charging during 1-1.5 s.

Fig. 6f shows the grid voltage and current of one phase, and they
present unity power factor of PV power system. Fig. 6g shows the
shoot-through duty ratio D, which presents a little adjustment in
three cases because of the different PV voltage/power. Fig. 6h
shows the modulation signal to control the output power.

6. Experimental verification
6.1. Experimental setup

A small-scale power prototype is shown in Fig. 7 to verify the
proposed system’s functions, including the MPPT algorithm, the
grid-injected power control scheme, and the battery charging/dis-
charging. In the tests, the input port of the qZSI with battery is con-
nected to the PV array, which consists of four PV panels (type with
KD135GH-2P) in series; and the output is tied to the three-phase
grid via a step-up transformer. Two 12 V batteries (lead-acid bat-
tery) in series are used as an energy storage device in parallel with
the capacitor C,.

6.2. Experimental results

Fig. 8 shows the experimental results of the proposed system. In
the tests, we keep the reactive power at zero, and only change the
grid-injected active power to achieve the different operating
modes. P&O algorithm is used to implement the MPPT of the PV
panels for all tests.

Fig. 8a shows the battery charging mode. The PV array provides
more power than the grid-injected power, so the battery is charg-
ing. As shown in Fig. 8a, ir > ir1, Ipattery = 1.57 A. Fig. 8b shows the
battery with no charging and no discharging mode. For this case,
the PV array provides the exact power injected to the grid, so the
battery is neither charging nor discharging, with i =1,
ibattery = 0 A; Fig. 8c shows the battery discharging state, where
the PV power is less than the grid-injected power, and i} <iy,
ibattery =-1.16 A.

7. Conclusion

A quasi-Z-source inverter with battery for photovoltaic power
generation system was proposed. In this system the battery was
paralleled with one of the capacitors directly to store or release en-
ergy, without any extra components. The power conversion circuit
of qZSI with battery system was analyzed. The relationships among
PV power, battery power, and inverter power, and among two
inductor currents and battery current were derived. A simple con-
trol method achieved the PV panel’s MPPT, and the management of
battery SOC through controlling the power injected to the grid. The

simulation results and experimental results verified the proposed
energy stored qZSI, theoretical analysis, and the control scheme.
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