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Quazi Z-Source Inverter (qZSI) is a cost efficient power converter/inverter built in single stage 

topology. It provides several advantages over the conventional power converters such as being able to 

perform buck and boost conversion without needing additional switching devices to reduce power loss. 

In addition, the existing qZSI can boost its output to be as twice amount of the input source voltage 

with the similar duty ratio. Knowing that inconsistent solar irradiation and temperature will cause 

fluctuating DC voltage produced by solar photovoltaic (PV) system, hence, this paper proposed full 

Battery Energy Storage System (BESS) across all DC capacitors’ terminal of qZSI. The proposed control 

scheme with battery current controller, battery management and electronic circuit breaker (ECB) 

algorithm is also introduced in this paper to ensure continuous conduction mode (CCM) operation for 

the proposed qZSI. Furthermore, the effectiveness of battery charging and discharging of proposed 

qZSI with battery connected parallel at capacitor-1 C1 and capacitor-2, C2 are deeply analyzed and 

compared via the proposed control scheme. All mathematical derivation of proposed qZSI and control 

scheme is clearly presented in this paper. It is concluded that qZSI with battery connected across 

capacitor-1, C1 is more preferable for high power industrial applications due to its wider power 

discharging range and able to buffer and smoothen the variable PV input voltage and power to load 

demand. 
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I. INTRODUCTION 
 

Nowadays, the application of qZSI has been widely exploited 

to the PV power system based on renewable solar energy 

sources (Rekha et al., 2017; Law et al., 2019a). Due to its 

unique characteristic, it has several advantages over the 

other conventional power converter with two-stage 

topologies, which is 1) able to perform buck-boost power 

conversion in a single stage topology 2) no additional 

switching devices is required 3) low construction and 

material cost 4) low voltage stress 5) lower I2R power loss 

and higher efficiency 6) able to be controlled to achieve four 

quadrant operation (i.e., DC-DC, DC-AC, AC-DC and AC-DC 

power conversion) (Ayad 2017; Law et al., 2011; 2012; 2014a; 

2014b; 2019b; 2019c; 2019d; 2019e). However, there is 

unstable voltage/power generated from the PV system due 

to inconsistent of solar irradiance and temperature during 

the day (Ge et al., 2013). Therefore, qZSI with battery energy 

storage system (BESS) is proposed to the PV system, which 

provides several advantages during DC-AC power boost 

conversion such as 1) buffer and smoothen the fluctuation of 

PV input voltage/power to grid/load 2) store excessive PV 

input power 3) supply energy to compensate the low PV 

power generated to high load demand (Liu et al., 2014).  

According to (Liu et al., 2014), PV grid-tie BESS-qZSI 

topology is proposed to allow stable and smoothen grid 

power generation. The existing control scheme for battery 

energy management in terms of PI controllers and maximum 

power point tracking (MPPT) to regulate and store the power 

(Law et al., 2019f). Moreover, it can utilize the battery 
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efficiently and prevent it from overcharge and discharge to 

save its lifetime. The proposed PI-based current dual loop 

controller is to manage the state of charge (SOC) of the 

battery. The small signal modeling of the BESS-qZSI 

topology was taken into consideration to counter the non-

linear characteristic and provide convenience in the 

controller design. The switching element of the 

aforementioned topology was driven and modulated through 

space-vector-pulse-width-modulation (SVPWM) technique. 

(Liu et al., 2013) demonstrated the further contributed work 

from (Liu et al., 2012) to get unity power factor with P-Q 

coupling controller. The BESS-qZSI was further enhanced in 

the form of multi-level cascaded and control scheme-based 

phase-shift-SPWM (PS-SPWM) switching at effective 

switching frequency 10 kHz (Ge et al., 2017; Khajesalehi et 

al., 2015). However, the energy-management control scheme 

for qZSI with a battery connected at two different non-DC 

link capacitor, and unipolar carrier-based sinusoidal-pulse-

width-modulation (SPWM) technique and its effective 

switching frequency were not revealed from the work. 

Furthermore, CCM and discontinuous conduction mode 

(DCM) analysis of BESS-qZSI with battery power charging 

and discharging capabilities in SOC management were not 

further discussed. 

The main contributions of this paper are to develop a 

control scheme for the proposed dynamic model BESS-qZSI 

topology with a battery connected parallel either at two 

different capacitors. The control method with battery current 

controller, battery management and ECB are to ensure the 

battery charge or discharge while maintaining the system to 

work in CCM. Moreover, it can protect the battery life from 

over-charging and over-discharging. To achieve the desired 

AC output voltage waveform, a unipolar carrier based pulse 

width modulation (CB-PWM) is applied in this work. The 

arrangement of this paper is as follows: Section II 

demonstrate the small-signal model of BESS-qZSI and its 

control scheme; Section III and IV are presented the 

analyzed simulation results and conclusion for this project.  

 

II. MATERIALS AND METHOD 

 

A. Small-Signal Modelling of Battery Based QZSI 

 

In Figures 1(a) and 1(b), it shows the proposed small signal 

model of energy-stored qZSI topology where only one battery 

connected in parallel with the capacitor C1 and C2, 

respectively. 

Both the proposed energy stored qZSI topology has similar 

two operating modes discovered from the conventional qZSI; 

which are, shoot-through state and non-shoot-through state 

in CCM (Yong et al., 2018; Ong et al., 2017). In shoot-

through mode, cross conduction occurs across S1 and S2 or S3 

and S4 of the H-bridge inverter to reverse bias the diode and 

charge up the inductors. In non-shoot-through mode, 

conduction occurs through S1 and S4 or S2 and S3 allowing 

continuous current from the source voltage VP and the 

inductors (i.e., L1 and L2) to flow through the diode, charge 

the capacitors, and drive the load. 
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Figure 1. Small-signal model of the qZSI topology in non-

shoot-through state with (a) battery Vb1 connected at parallel 

at the capacitor C1 and (b) battery Vb2 connected parallel at 

the capacitor C2. 

 

To analyze the small-signal model of energy-stored qZSI, 

the battery voltage Vb (i.e., the summation of the open-circuit 

voltage Vocv and the voltage drop across the battery’s internal 

resistance Rb) which paralleled to capacitor C1 or C2 and the 

equivalent series resistance (ESR) of each inductors (i.e., rL1 
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and rL2) are considered. The ESR of each capacitor, however, 

is neglected to simplify the controller parameter design in the 

next section. The quality performance of the battery current 

closed-loop control still can be ensured without capacitor’s 

ESR (Liu et. al 2014). For qZSI with battery across capacitor 

C1 or C2, the relationship between the aforementioned 

parameters are derived in (1) and (2) for Figures 1(a) and 

1(b), respectively, as follow: 

𝑣𝐶1 = 𝑉𝑏1 = 𝑉𝑂𝐶𝑉 − 𝑅𝑏𝑖𝑏1                     𝑣𝐶1̇ = −𝑅𝑏𝑖𝑏1̇   (1) 

𝑣𝐶2 = 𝑉𝑏2 = 𝑉𝑂𝐶𝑉 − 𝑅𝑏𝑖𝑏2                     𝑣𝐶2̇ = −𝑅𝑏𝑖𝑏2̇   (2) 

Assuming rL1 = rL2, the state space equations (i.e., in matrix 

form) for the shoot-through state (i.e., D) and non-shoot-

through state (i.e., 1-D) together with the relationship of the 

aforementioned parameters are attained in (3) and (4) for 

qZSI with battery across capacitor C1, as well as (5) and (6) 

for battery across capacitor C2, respectively (Law 2018); 

where VPN is the DC-link voltage, IPN is DC-link current, IL1 

and IL2 are the current flows through inductor L1 and L2, 

respectively, and VC1 and VC2 are the voltages measured 

across capacitor C1 and C2.  

By substituting D and (1-D) into (3) and (5) as well as (4) 

and (6), respectively, the average dynamic state equations for 

qZSI with battery across capacitor C1 or C2 are derived in (7) 

and (8). 

Under steady-state condition, the relevant steady-state 

parameters are found and derived in (9)-(15) by considering 

the left side of (7) and (8) is equal to zero as follows:  

 

 𝑉𝑃𝑁 = 2𝑉𝑏1 − 𝑉𝑃         𝐼𝐿2 − 𝐼𝐿1 = 𝐼𝑏1       (9) 

 
𝐼𝑃𝑁 =

(1 − 2𝐷)𝐼𝐿1 + (1 − 𝐷)𝐼𝑏1

1 − 𝐷
           (10) 

 𝑉𝑃𝑁 = 2𝑉𝑏2 + 𝑉𝑃        𝐼𝐿1 − 𝐼𝐿2 = 𝐼𝑏2      (11) 

 
𝐼𝑃𝑁 =

(1 − 2𝐷)𝐼𝐿1 + 𝐷𝐼𝑏2

1 − 𝐷
                 (12) 

 𝑉𝐶1 = 𝑉𝐶2 + 𝑉𝑃         𝑉𝑃𝑁 = 𝑉𝐶1 + 𝑉𝐶2     (13) 

 
𝑉𝐶1 =

1 − 𝐷

1 − 2𝐷
𝑉𝑃          𝑉𝐶2 =

𝐷

1 − 2𝐷
𝑉𝑃   (14) 

 
𝛽 =

𝑉𝑃𝑁

𝑉𝑃
=

1

1 − 2𝐷
                       (15) 

 

where β is the boost factor of the qZSI in (15) and the shoot-

through duty ratio D in the steady-state must not bigger or 

equal to 0.5 to allow the DC-link voltage 𝑉𝑃𝑁 remain in finite 

range. 

By taking small deviation of state variables from operating 

point and then applied Laplace transform to (7) and (8), the 

dynamic small-signal model for both the energy-stored qZSI 

topology is derived in (16) and (17) (Ong et al., 2017); where 

I11 = IPN – Ib1 – 2IL1, I22 = IPN + Ib2 – 2IL1, V11 = VC2 + VOCV - 

RbIb1 andV22 = VC1 + VOCV - RbIb2.  
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Each upper-case variable (e.g., IL1) and lower-case variable 

with tilde (e.g., 𝑖𝐿1̃) defines as the the steady-state operating 

point and the small-signal disturbance, respectively. 

By equating (16) and (17) and then neglect the other small 

signal perturbance (e.g.,  𝑣𝑃̃, 𝑣𝑜𝑐𝑣̃ 𝑎𝑛𝑑 𝑖𝑃𝑁̃ ), the small-signal 

based transfer function for qZSI with battery across capacitor 

C1 or C2 that relates to the battery current 𝑖𝑏̃ and the shoot-

through duty ratio 𝑑̃ is derived, respectively, as follow:  

 

  
𝐺𝐼𝑏1̃𝑑̃ =

𝑖𝑏1̃(𝑠)

𝑑̃(𝑠)

=
−𝑠𝐿𝐼11 − 𝑟𝐿𝐼11 + (2𝐷 − 1)𝑉11

𝑠2𝐶𝐿𝑅𝑏 + 𝑠(𝐶𝑅𝑏𝑟𝐿 + 𝐷𝐿) + 𝐷𝑟𝐿 + 𝑅𝑏(1 − 2𝐷)2
 

(18) 

 
𝐺𝐼𝑏2̃𝑑̃ =

𝑖𝑏2̃(𝑠)

𝑑̃(𝑠)

=
−𝑠𝐿𝐼22 − 𝑟𝐿𝐼22 + (2𝐷 − 1)𝑉22

𝑠2𝐶𝐿𝑅𝑏 + 𝑠(𝐶𝑅𝑏𝑟𝐿 + 𝐷𝐿) + 𝐷𝑟𝐿 + 𝑅𝑏(1 − 2𝐷)2 

(19) 

 

From (18) and (19), it is clarified that the qZSI topology with 

battery connected parallel at capa citor C1 or C2 have a similar 

type of transfer function. The main purpose of derived 

transfer function is to build the controller for the battery 

current closed-loop control.  

 

B. Control Scheme 

 

In Figure 2, it shows the control scheme for the energy-

stored qZSI topology with battery connected parallel at 

capacitor C1 or C2.  

The control scheme includes a battery ECB algorithm, 

battery current controller, and battery management 

algorithm. In this scenario, it is noted that there is only 

proportional (P) controller designed for the built circuit 

model. It is to differentiate and analyze the unique 

characteristic of two different types of energy-stored qZSI  

 

circuit model with the battery across either capacitor C1 or 

C2 for its battery charging and discharging capabilities in the 

simulation. 
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Figure 2. The control scheme for the energy-stored qZSI 

topology with battery connected parallel at capacitor C1 or 

capacitor C2. 

From Figure 2, the small-signal shoot-through duty ratio d 

is tracked from the closed-loop of battery current controller 

via the P controller. It is then added with the steady-state 

shoot-through duty ratio D from the feed-forward controller 

to get the desired shoot-through duty ratio Ds. The final duty 

ratio Ds is forward to the modulator with unipolar CB-PWM 

technique for simple boost control. 

The steady-state shoot-through duty ratio for qZSI 

topology with battery connected parallel at capacitor C1 or C2 

are derived in (20) and (21), respectively, as follow:   

 
𝐷 =

𝑉𝑏 − 𝑉𝑃

2𝑉𝑏 − 𝑉𝑃
 (20) 

 
𝐷 =

𝑉𝑏
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(𝐿𝑠 + 𝑟𝐿)𝑖𝐿2̃(𝑠) = (𝐷 − 1)𝑣𝐶2̃(𝑠) − 𝐷𝑅𝑏𝑖𝑏1̃(𝑠) + 𝐷𝑣𝑂𝐶𝑉෧(𝑠) + 𝑉11𝑑̃(𝑠)  

(𝑅𝑏𝐶𝑠 + 𝐷)𝑖𝑏1̃(𝑠) = (2𝐷 − 1)𝑖𝐿2̃(𝑠) + (1 − 𝐷)𝑖𝑃𝑁̃(𝑠) − 𝐼11𝑑̃(𝑠)  

𝐶𝑠𝑣𝐶2̃(𝑠) = (1 − 2𝐷)𝑖𝐿2̃(𝑠) + 𝐷𝑖𝑏1̃(𝑠) + (𝐷 − 1)𝑖𝑃𝑁̃(𝑠) + 𝐼11𝑑̃(𝑠) (16) 

(𝐿𝑠 + 𝑟𝐿)𝑖𝐿1̃(𝑠) = (𝐷 − 1)𝑣𝐶1̃(𝑠) − 𝐷𝑅𝑏𝑖𝑏̃(𝑠) + 𝑣𝑃̃(𝑠) + 𝐷𝑣𝑂𝐶𝑉෧(𝑠) + 𝑉22𝑑̃(𝑠)  

𝐶𝑠𝑣𝐶1̃(𝑠) = (1 − 2𝐷)𝑖𝐿1̃(𝑠) + 𝐷𝑖𝑏2̃(𝑠) + (𝐷 − 1)𝑖𝑃𝑁̃(𝑠) + 𝐼22𝑑̃(𝑠)  

(𝑅𝑏𝐶𝑠 + 𝐷)𝑖𝑏2̃(𝑠) = (2𝐷 − 1)𝑖𝐿1̃(𝑠) + (1 − 𝐷)𝑖𝑃𝑁̃(𝑠) − 𝐼22𝑑̃(𝑠) (17) 
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1. Battery Managemenet 

 

In Figure 3, it depicts the battery management algorithm 

framework for the energy-stored qZSI topology. Equations 

(22), (23), and (24) derive the DC input power Pin, battery 

power Pb, and the AC output power Pout, respectively. If other 

powers are controlled, then one of the power value can be 

determined. However, VPN is uncontrollable which is 

oscillates with VP. 

 

𝑃𝑖𝑛 = 𝑉𝑃  ×  𝐼𝐿1 (22) 

𝑃𝑏 = 𝑉𝑏  ×  𝐼𝑏 (23) 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 + 𝑃𝑏 = 𝑉𝑜𝑢𝑡  ×  𝐼𝑜𝑢𝑡 = 𝐷 × 0 + (1 − 𝐷)𝑉𝑃𝑁𝐼𝑜𝑢𝑡 (24) 

𝑉𝑜𝑢𝑡 = (1 − 𝐷)𝑉𝑃𝑁 =
1 − 𝐷

1 − 2𝐷
𝑉𝑃 (25) 

  

Battery Management 

SOC

SOC   SOCmin
* SOCmin

*   SOC   SOCmax
* SOC   SOCmax

P*out,ref = min(Pin, Pout) P*out,ref = max(Pin, Pout)P*out,ref = Pout

P*out,ref = Pout P*out,ref = Pin P*out,ref = Pin P*out,ref = Pout

Pin > Pout

Pin = Pout

Pin < Pout

Charging

No Exchange in 

Battery Power Discharging

 

Figure 3. Battery State of Charge SOC control algorithm. 

 

𝑉𝑜𝑢𝑡 = (1 − 𝐷)𝑉𝑃𝑁 =
1 − 𝐷

1 − 2𝐷
𝑉𝑃 

 
(25) 

𝐼𝑜𝑢𝑡 =
𝑉𝑜𝑢𝑡

𝑅
=

(1 − 𝐷)𝑉𝑃𝑁

𝑅
 

 
(26) 

where R is defined as a load resistance, Vout and Iout in (25) 

and (26), respectively, are the output voltage and current for 

the output power. 

From the battery state of charge (SOC) controller shown in 

Figure 3, the battery power cannot be over-discharged lower 

than the lower limit of SOC (i.e., SOCmin
*) and overcharged 

higher than the upper limit of SOC (i.e., SOCmax
*). Therefore, 

the input power, output power as well as the output power 

reference 𝑃𝑜𝑢𝑡,𝑟𝑒𝑓
∗  and battery power reference 𝑃𝑏,𝑟𝑒𝑓

∗  derived 

in (27) and (28), respectively, are taken into the 

consideration for the comparison and controlling purpose. 

 

𝑃𝑜𝑢𝑡,𝑟𝑒𝑓
∗ = 𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛 (27) 

𝑃𝑏,𝑟𝑒𝑓
∗ = 𝑃𝑜𝑢𝑡,𝑟𝑒𝑓

∗ − 𝑃𝑖𝑛 (28) 

There are three main operating cases for the SOC of 

battery, which are: 

Case 1: When the SOC of the battery is exceeded its upper 

limit SOCmax
*, the battery power is discharging if 𝑃𝑏,𝑟𝑒𝑓

∗ > 0 

(i.e., 𝑃𝑜𝑢𝑡,𝑟𝑒𝑓
∗ = 𝑃𝑜𝑢𝑡) while there is no power exchange for the 

battery if 𝑃𝑏,𝑟𝑒𝑓
∗ = 0 (i.e., 𝑃𝑜𝑢𝑡,𝑟𝑒𝑓

∗ = 𝑃𝑖𝑛). 

Case 2: When the SOC of the battery is less than its lower 

limit SOCmin
*, the battery power is charging if 𝑃𝑏,𝑟𝑒𝑓

∗ < 0 (i.e., 

𝑃𝑜𝑢𝑡,𝑟𝑒𝑓
∗ = 𝑃𝑜𝑢𝑡 ) while there is no power exchange for the 

battery if 𝑃𝑏,𝑟𝑒𝑓
∗ = 0 (i.e., 𝑃𝑜𝑢𝑡,𝑟𝑒𝑓

∗ = 𝑃𝑖𝑛). 

Case 3: When the SOC of the battery reaches between the 

range of its lower limit SOCmin
* and upper limit SOCmax

*, the 

battery is performed similar power exchanging characteristic 

tabulated in Table 1. 

 

Table 1. Comparison of Inductors Current Behavior 

Mode 

Input and 
Output 
Power 

Relationship 

Battery 
Power 

Inductor 
Currents 

Battery 
at C1 

Battery 
at C2 

1 Pin < Pout Pb > 0 
(discharging) 

IL1 < 
IL2 

IL1 > 
IL2 

2 Pin = Pout Pb = 0  
(no power 
exchange) 

IL1 = 
IL2 

IL1 = 
IL2 

3 Pin > Pout Pb < 0 
(charging) 

IL1 > 
IL2 

IL1 < 
IL2 

 

Based on the equations for inductor currents and battery 

current from (9), (11), and (22)-(24), the battery power and 

inductor current behaviors for qZSI with battery connected 

parallel at capacitor C1 and C2 are classified into three cases 

for Pin > Pout, Pin = Pout, and Pin < Pout as shown in Table 1 

which also can be realized from Figure 3.  

 

2. Battery Electronic Circuit Breaker Algorithm 

 

As clarified earlier, DC input voltage source was used to 

represent the PV panel and hence MPPT in the system is 

ignored. As there is only P controller introduced in this 

scenario to identify the characteristics between two different 

types of energy-stored qZSI, the system is difficult to limit 

the battery from over-charging and over-discharging due to 

the constant duty ratio produced from the feed-forward 

equation. Therefore, the new ECB algorithm for qZSI circuit 
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model is introduced to protect the battery life from over-

charging and over-discharging. An ECB is connected in series 

with the battery across capacitor C1 and capacitor C2 as 

depicted in Figures 1(a) and 1(b). Its algorithm is elaborated 

in Figure 4. 

 

SOC   SOCmin
*

SOC    SOCmax
*

VP < VPmin
*

VP > VPmin
*

VP < VPmax
*

VP > VPmax
*

 0  1 

Battery Electronic Circuit Breaker Algorithm

 0 

 

Figure 4. Battery Electronic Circuit Breaker ECB algorithm 

 

There are two operating states resulted from ECB 

algorithm, which are normally open (NO) state and normally 

closed (NC) state indicating by “0” and “1”, respectively. 

These operating modes are functioning according to both 

the SOC of the battery and the DC input voltage with its 

references (i.e., SOCmin
*, SOCmax

*, VPmin
* and VPmax

*). 

 

3. Battery Charging and Discharging Capabilities in CCM 

 

The inequality of the battery voltage, current, and power for 

its charging and discharging capabilities to work in CCM 

during boost control are derived as shown in Table 2 and 3. 

 

Table 2. Comparison of Battery Voltage Boost Control Range 

Behaviour 

Cases 

Battery voltage range for boost control to 
work in CCM 

Input and battery 
voltage relationship 

Duty 
ratio 

Boost 
factor 

Battery at 
C1 
 

𝑉𝑃<𝑉𝑏<∞ 
0<D<0.5 1<β<∞ 

Battery at 
C2 

0<𝑉𝑏<∞ 

 

By equating (20) and (21) into Table 2, it classified the 

battery voltage range required for qZSI with battery 

connected parallel at capacitor C1 and C2 to work in CCM 

during boost control. It is noted that qZSI with battery at 

capacitor C2 can be used to high input voltage than the 

battery voltage (i.e., 𝑉𝑃>𝑉𝑏) and can always work in the CCM 

during battery charging compared to battery at capacitor C1. 

In addition, qZSI with battery across capacitor C1 or C2 

work in CCM during non-shoot-through mode when the 

diode current is forward biased are derived in (29) and (30), 

respectively, as below:  

 

𝑖𝐷1 = 𝑖𝐿2 − 𝑖𝑏1 + 𝑖𝐶1 > 0 (29) 

𝑖𝐷2 = 𝑖𝐿1 − 𝑖𝑏2 + 𝑖𝐶2 > 0 (30) 

 

Otherwise, it works in DCM if 𝑖𝐷≤0 during the non-shoot-

through mode. 

In steady state, the average capacitor current 𝐼𝐶1 and 𝐼𝐶2is 

equal to zero for (29) and (30). Therefore, the inequality for 

the battery discharging power and current to work in CCM is 

derived as shown in Table 3. It is noted that qZSI with 

battery at capacitor C2 has limited battery power discharging 

to ensure the system work in CCM (i.e., 𝑃𝑏 <
𝐷

1−2𝐷
𝑃𝑖𝑛 𝑜𝑟 𝑃𝑏 <

𝐷

1−𝐷
𝑃𝑜𝑢𝑡 ). Hence, qZSI with battery at capacitor C1 has a 

wider battery power discharging range compare to battery at 

capacitor C2. Therefore, it can always work in the CCM 

during battery discharging as long as there is input power 

(ie., 0 < 𝑃𝑖𝑛) during power conversion and the amount of 

battery discharging power is smaller than the load demand 

(ie., 𝑃𝑏 < 𝑃𝑜𝑢𝑡). 

 

Table 3. Comparison of Battery Discharging Power And 

Current Range Behaviour In Steady State 

Cases Battery discharging power and current range to 
work in CCM in steady state 

Inequality of 
battery power to 
input power or 
output power 
relationship 

Battery current 
and inductor 

current 
relationship 

Diode 
current 

Battery 
at C1 

0 < 𝑃𝑖𝑛            
or      𝑃𝑏 < 𝑃𝑜𝑢𝑡 

Ib1 < IL2 or IL1 > 0 

ID > 0 
Battery 

at C2 

𝑃𝑏 <
𝐷

1−2𝐷
𝑃𝑖𝑛     

or   𝑃𝑏 <
𝐷

1−𝐷
𝑃𝑜𝑢𝑡 

Ib2 < IL1 or IL2 > 0 

 

As from Figure 3, the battery power depends on the input 

power and battery SOC. To counter the DCM happens in the 

system when qZSI with battery at capacitor C1 being over-

charging and battery at capacitor C2 being over-discharging, 

the proposed battery management and ECB algorithm allow 

the system to work in CCM with fulfilled criteria in Table 2 

and 3. 
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After the comparison between qZSI with battery connected 

parallel at capacitor C1 and capacitor C2, it is notified that 

battery across capacitor C1 is more preferable for power 

conversion in high power generation system. Due to its 

larger capacity of BESS can be applied and always controlled 

in the CCM during battery charging and discharging in the 

system as long as the total series-connected battery voltage 

is larger than the input voltage (ie., 𝑉𝑃<𝑉𝑏). 

 

III. RESULT AND DISCUSSION 

 

A. Simulation results 

   

   

     
 

(a)                                                                                                           (b) 

Figure 5. Simulation results when SOCmin
* ≤ SOC ≤ SOCmax

* with (a) battery Vb1 connected at parallel at the capacitor C1 

and (b) battery Vb2 connected parallel at the capacitor C2, i) battery SOC, ii) battery and inductor currents, iii) DC input 

power, DC output power, and battery power, iv) shoot-through duty ratio D, v) DC input voltage, DC output voltage, 

and battery voltage, vi) capacitors voltage, vii) DC-link voltage, viii) DC-link current, ix) AC output voltage, x) AC 

output current 
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The proposed two different energy-stored qZSI topologies 

shown in Figure 2 were tested through 

MATLAB/SIMULINK simulation that run in 2 s. It is to 

validate the theoretical findings of battery charging and 

discharging capabilities. 

In the simulation, there were three scenarious to be 

analyse: 1) battery charging and discharging regimes, 2) 

battery over-charging prevention and 3) battery over-

discharging prevention. All the system specifications were 

shown in Table 4. The P parameter for the control of the 

battery current closed-loop was autotuned via 

MATLAB/SIMULINK simulation with the transfer function 

derived in the previous section. 

Table 4. System Parameters 

Circuit parameters Value 

DC voltage source, VP 6 V, 12 V, 18 V 

Battery voltage Vb1 and Vb2 24V and 12 V 

Battery internal resistor Rb 1.37 Ω 

Energy-stored qZSI inductance of L1 and L2 0.1 mH 

Parasitic resistance of inductor r1 and r2 0.15 Ω 

Energy-stored qZSI capacitance of C1 and C2 1.0 mF 

Output load resistor R 50 Ω 

Fundamental frequency 50 Hz 

Switching frequency, fsw 40 kHz 

SOCmin* and SOCmax* 40 % and 80% 

 

1. Battery Charging and Discharging Regimes 

 

Throughout the simulation for the case of SOCmin
*<SOC< 

SOCmax
*, the battery SOC was set to 50 % while DC voltage 

source VP was set with a step change from 6V to 18V at 1 s. 

Therefore, the battery is discharging at 0 s to 1 s (i.e., VP =6V) 

then charging at 1 s to 2 s (i.e., VP =18V) under same load 

condition as referred to battery SOC in Figure 5(i).  

As from Figures 5(ii) and 5(iii), it show that the battery 

supply energy to compensate the low PV power generated to 

high load demand during battery discharging mode at 0 s to 

1 s and store excessive input power during battery charging 

mode at 1 s to 2 s. Moreover, the relationship between the 

currents (i.e., IL1, IL2, and Ib) and powers (i.e., Pin, Pout, and 

Pb) behavior for two different types of proposed energy-

stored qZSI shown in Figures 5(ii) and 5(iii) were proven 

and can be verified in Table 1. It is noted that the battery 

discharge with positive current when SOC decreases and 

charge with negative current when SOC increases.  

On the other hand, energy-stored qZSI with battery across 

capacitor C1 was found that the novel output power and 

voltage generated shown in Figures 5(a)(iii) and 5(a)(v) is 

very stable and remaining constant during both battery 

charging and discharging modes as compared to battery 

connected at capacitor C2 in Figures 5(b)(iii) and 5(b)(v) 

with the proposed method. Furthermore, Figure 5(a)(iii) 

shows that its battery across capacitor C1 has wider power 

discharging range and can always work in the CCM during 

battery discharging; which has proven and can be verified in 

Table 3. Therefore, qZSI with battery across capacitor C1 is 

more preferable for industrial application in high power 

conversion system with its novel unique characteristic. 

During the process, Figure 5(iv) shows the battery 

charging and discharging capabilities managed by the 

adjusted shoot-through duty ratio. The input/output/battery 

voltage, capacitors voltage, DC-link voltage and current, AC 

output voltage and current were shown in Figures 5(v) to 

5(x), respectively. Note that the DC output voltage is taken 

from the mean value of DC-link voltage and it is also based 

on equation (25) and AC output voltage and current were 

presented in the form of 50Hz. 

 

2. Battery Over-charging Prevention 

 

Throughout the simualtion, given the upper limit of SOC is 

80 % for the case of SOC≥ SOCmax
*. This is to investigate the 

battery over-charging prevention capability with the 

proposed control scheme in this scenario. Similar to the 

previous scenario, battery was set to discharge at 0 s to 1 s 

(i.e., VP =6V) then it was charge at 1 s to 2 s (i.e., VP =18V) 

under same load condition. The initial battery SOC was set 

to approximate 80 % as the battery was discharging in the 

beginning. 
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As from Figure 6(i), the control scheme avoid the battery  

being over-charging when the battery SOC reached 80 % 

and hence remaining constant at 1.6 s. Figures 6(ii) and (iii) 

show the inductor/battery current and input/output/battery 

power behaviour. The battery current and power become 

zero when the battery SOC is larger than 80 % after 1.6 s. 

Figure 6(iv) shows the adjusted shoot-through duty ratio. 

Figures 6 (v) to 6(x) show the input/output/battery voltage, 

capacitors voltage, DC-link voltage and current, AC output 

voltage and current. 

 

 

   

   

     
 

(a)                                                                                                           (b) 

Figure 6. Simulation results when SOC≥ SOCmax
* with (a) battery Vb1 connected at parallel at the capacitor C1 and (b) 

battery Vb2 connected parallel at the capacitor C2, i) battery SOC, ii) battery and inductor currents, iii) DC input power, 

DC output power, and battery power, iv) shoot-through duty ratio D, v) DC input voltage, DC output voltage, and 

battery voltage, vi) capacitors voltage, vii) DC-link voltage, viii) DC-link current, ix) AC output voltage, x) AC output 

current 
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3. Battery Over-discharging Prevention 

 

In this scenario, the lower limit of SOC was given to be 40 % 

for the case of SOC≤ SOCmin
* to test protection function of 

the control scheme when the battery SOC over-discharging 

to 40 %. Similarly, DC voltage source VP was set for the 

battery to discharge at 0 s to 1 s (i.e., VP =6V) and charge at 1 

s to 2 s (i.e., VP =18V). The initial battery SOC was adjusted 

above 40 %. 

In Figure 7(i), it shows that the prosed control scheme has 

stopped battery to discharge when the battery SOC closed to 

40 % from 0.6 s to 1s. Figures 7(ii) and (iii) show the 

inductor/battery current and input/output/battery power 

behaviour. The battery current and power become zero 

when the battery SOC is smaller than 40 % from 0.6 s to 1s. 

   

   

     
 

(a)                                                                                                           (b) 

Figure 7. Simulation results when SOC≤ SOCmin
* with (a) battery Vb1 connected at parallel at the capacitor C1 and (b) 

battery Vb2 connected parallel at the capacitor C2, i) battery SOC, ii) battery and inductor currents, iii) DC input power, 

DC output power, and battery power, iv) shoot-through duty ratio D, v) DC input voltage, DC output voltage, and 

battery voltage, vi) capacitors voltage, vii) DC-link voltage, viii) DC-link current, ix) AC output voltage, x) AC output 

current 
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Figure 7(iv) shows the adjusted shoot-through duty ratio 

to manage battery. Figures 7(v) and 7(vi) show DC input 

voltage, DC output voltage, battery voltage and capacitors 

voltage. Figures 7(vii) to 7(x) show the DC-link voltage, DC-

link current, AC output voltage and AC output current. 

 

IV. CONCLUSION 

 

This paper presented a control scheme for two different 

energy-stored qZSI topology. The proposed control scheme 

is structured with battery current controller, battery 

management algorithm, and the ECB algorithm. It is 

concluded that the battery successfully managed to charge 

and discharge effectively through the simulation analysis, as 

well as prevent the battery being over-charging and over-

discharging. When comparing for two different type of the 

proposed energy-stored qZSI topology, the proposed 

method with the unique characteristic of the energy-stored 

qZSI when battery connected to capacitor C1 is more reliable 

for industrial application in high power conversion system; 

where it shows novel in boosting constant output voltage 

and stabilize the output power with its wider battery 

discharging range, without the needs of MPPT algorithm to 

track the input voltage to constant reference value. Finally, 

the hypothesis of the experiment is accepted, where all the 

aforementioned advantages were realized via the simulation.  
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