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This paper presents a novel control scheme for a three-phase quasi-z source inverter (qZSI) using a 

capacitor voltage and input current-based sinusoidal pulse width modulation (SPWM) technique. The 

proposed scheme combines the advantages of both qZSI and SPWM techniques to achieve improved 

performance. The SPWM technique utilizes a sinusoidal modulation signal, which is compared with a 

high-frequency triangular carrier wave and two shoot-through (ST) references to determine the 

switching states for the three-phase qZSI. The positive and negative ST references are obtained from the 

capacitor voltages and input current, allowing for control of the DC bus voltage and ST states of the 

inverter. Additionally, the proposed control scheme generates the three-phase modulation signal through 

decoupling control in the dq reference frame. The detailed analysis of the control scheme includes its 

operating principle, transient state, steady-state responses, and the effects of parameter variations. 

Simulation studies are conducted using MATLAB/Simulink to assess the performance of the three-phase 

qZSI under the proposed control scheme. The simulation results demonstrate the effectiveness of the 

control scheme in terms of output voltage quality, DC bus voltage control, and robustness against 

reference variations. Overall, the proposed capacitor voltage and input current-based SPWM control 

scheme for the three-phase qZSI shows promising performance improvements and robustness, as 

confirmed through comprehensive simulation studies. 
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1. INTRODUCTION 

Three-phase voltage source inverters (VSIs) have found extensive application in the field of power electronics. 

However, despite their widespread use, they are not without limitations. Specifically, VSIs can generate 

harmonic distortions in the output waveform and have constraints in achieving higher output voltages beyond 

the input DC voltage. 

Z-source inverter (ZSI) has been proposed as a solution to overcome the disadvantages associated with 

conventional VSIs (Peng, 2002; 2003; Peng et al., 2003). The ZSI is designed with a unique impedance 

network in its DC input circuit. Some of the advantages of ZSIs include the ability to provide voltage boost 

capability, which is useful in applications that require higher output voltage levels than the input source voltage 

can provide. Additionally, ZSIs offer inherent short-circuit protection (Parla & Özdemir, 2022). However, 

ZSIs also have some limitations, including discontinuous input current.  

To overcome these drawbacks, a new qZSI topology is proposed as a modified version of ZSI to achieve 

similar functionalities with lower-rated passive components (Anderson & Peng, 2008a; 2008b; Cao & Peng, 

2009). The qZSI topology features a continuous input current and enables operation at a wide range of input 
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voltages, making it suitable for diverse applications (Hong & Cha, 2021; Li et al., 2022; Elmorshedy et al., 

2023). Additionally, the topology has two operation modes: non-shoot-through (NST) state and shoot-through 

(ST) state (Paikray et al., 2022). The diode network and LC connected to qZSI change the operation of the 

topology to allow an ST state. In the ST state, the inverter voltage shoots through the impedance source network 

like a short circuit, allowing the qZSI to act as a voltage buck/boost without the need for an additional DC/DC 

converter (Liu et al., 2019; Poorali & Adib, 2020). However, the ST state is undesirable, as it can result in high 

current flow, and potentially cause damage to the inverter (Sun et al., 2013; Padmavathi & Natarajan, 2020). 

Proper control and modulation techniques have been employed to ensure the safe and reliable operation of the 

qZSI (Endiz & Akkaya, 2022). Various PWM modulation methods have been studied to achieve less device 

stress, less switching/commutation, and simple applicability over a wide modulation range in three-phase qZSI 

applications (Devaraj et al., 2019; Mohammadi et al., 2020; Nguyen & Choi, 2021). Although many 

modulation techniques have been studied in the literature, SPWM is the primary modulation technique 

employed in three-phase qZSI circuits. SPWM modulation has been applied to the qZSI with four basic ST 

methods, including maximum constant boost control, maximum boost control, simple boost control, and third-

harmonic injection. Each method has its own advantages and disadvantages. 

In this paper, the ST state references are identified from the capacitor voltages and input current to control the 

DC bus and ST states of qZSI. Besides, three-phase reference modulation signals are generated using the 

decoupling control method in a dq reference frame. A high-frequency triangular carrier wave, three-phase 

sinusoidal modulation signals, and two positive and negative ST references obtained from the input capacitor 

voltages and input current of the qZS network are used to determine ST and NST switching states of the qZSI. 

Following the introduction, the paper is organized as follows: Section 2 presents the three-phase qZSI 

mathematical model. Then, Section 3 introduces the decoupling control in a dq reference frame and SPWM 

control methods, followed by a discussion of the results. Finally, the article concludes with a conclusion and 

recommendations section. 

2. MATHEMATICAL MODEL OF THREE-PHASE QZSI 

Figure 1 illustrates the equivalent circuit of a three-phase qZSI. The qZS network comprises two capacitors 

(𝐶1, 𝐶2), two inductors (𝐿1, 𝐿2), and one diode (D). Vin represents the DC input voltage of the qZS network, 

while VPN represents the connection point between the qZS network and the conventional three-phase VSI and 

serves as the DC input voltage of the conventional three-phase inverter. For the mathematical analysis 

conducted in this paper, the inductances and capacitors of the qZS network are assumed to be equivalent as 

indicated by Equations (1) and (2). 

𝐿1 = 𝐿2 = 𝐿 (1) 

𝐶1 = 𝐶2 = 𝐶 (2) 

2.1. Non-Shoot-Through State 

Figure 2 illustrates the equivalent circuit of the active (non-shoot-through) state of the three-phase qZSI. 

During the NST state operation, the three-phase VSI is treated as a current source. In this state, the energy 

stored during the ST state is transferred to the load. The instantaneous load current (𝑖𝑙𝑜𝑎𝑑) is equal to the 

inverter input current (𝑖𝑖𝑛𝑣) as indicated by Equation (3). 

𝑖𝑖𝑛𝑣 = 𝑖𝑙𝑜𝑎𝑑 (3) 
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Figure 1. Three-phase qZSI equivalent circuit 
 

 

Figure 2. NST state operation of the qZSI 

The inductance current (𝑖𝐿1
) can be derived from the equivalent circuit for the NST state as shown in Equation 

(4): 

𝐿
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑣𝐶1 

(4) 

The C1 capacitor voltage (𝑣𝐶1
) can also be derived using the equivalent circuit depicted in Figure 2. The 

equation that describes the derivation of C₁ capacitor voltage is given by Equation (5). 

𝐶
𝑑𝑣𝐶1

𝑑𝑡
= 𝑖𝐿1 − 𝑖𝑖𝑛𝑣 (5) 

In Equation (6), the variables (𝑆𝑎 , 𝑆𝑏 ,  𝑆𝑐) represent integer values that can take the numbers 0 and 1. A value 

of 0 indicates that the corresponding switch is in the off state, while a value of 1 indicates that the switch is in 

the on state. On the other hand, (𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐) represent the three-phase load currents. 

𝑖𝑖𝑛𝑣 = 𝑆𝑎𝑖𝑎 + 𝑆𝑏𝑖𝑏 + 𝑆𝑐𝑖𝑐 (6) 
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2.2. Null State 

Figure 3 presents the equivalent circuit of the null state of a three-phase qZSI. In the null state operation, all 

the switches of the VSI are in the off state, meaning that no current flows through the VSI. 

 

Figure 3. Null state operation of the qZSI 

From Figure 3, the expression for the inductance current (𝑖𝐿1
) of the L1 inductance and the equation for the 

capacitor voltage (𝑣𝐶1
) of the C1 capacitor can be derived. These equations are represented as Equations (7) 

and (8), respectively. 

𝐿
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑣𝐶1 (7) 

𝐶
𝑑𝑣𝐶1

𝑑𝑡
= 𝑖𝐿1 (8) 

2.3. Shoot-Through State 

Figure 4 illustrates the equivalent circuit of the ST state in a three-phase qZSI. Unlike a conventional VSI, 

during the ST state, the lower and upper switches of each phase in the three-phase qZSI are short-circuited. 

This configuration allows the qZS network to store energy from the DC bus, leading to voltage boosting. The 

voltage boosted during the ST operation can then be transferred to the load during the NST state. It's important 

to note that during the ST state, the diode of the qZS network is off. This is because the polarity of the capacitors 

C1 and C2 blocks the diode D from conducting. 

 

Figure 4. ST state operation of the qZSI 

The L1 inductance current (𝑖𝐿1
) and the capacitor C1 voltage (𝑣𝐶1

)  equations can be obtained from Figure. 4 as 

given in Equations (9) and (10), respectively. 
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𝐿
𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 + 𝑣𝐶2 (9) 

𝐶
𝑑𝑣𝐶1

𝑑𝑡
= −𝑖𝐿2 (10) 

According to Kirchoff's voltage law, the relationship between the input voltage and capacitor voltages is 

expressed in Equation (11), and as shown in Figure 4, inductance currents are equal to Equation (12). 

𝑣𝐶1 − 𝑣𝐶2 = 𝑣𝑖𝑛 (11) 

𝑖𝐿1 = 𝑖𝐿2 (12) 

2.4. Decoupling Control in dq Reference Frame 

Equations (13) to (15) provide the representation of the virtual three-phase output voltages. In the equations, 

Vmax represents the maximum voltage and 𝜔 the angular frequency. 

𝑣𝑎 = 𝑉𝑚𝑎𝑥𝑠𝑖𝑛(𝜔𝑡) (13) 

𝑣𝑏 = 𝑉𝑚𝑎𝑥𝑠𝑖𝑛(𝜔𝑡 − 2𝜋/3) (14) 

𝑣𝑐 = 𝑉𝑚𝑎𝑥𝑠𝑖𝑛(𝜔𝑡 + 2𝜋/3) (15) 

The equations giving the relationship between the three-phase load and inverter are shown in Equation (16). 

This equation is defined in (𝑎𝑏𝑐) stationary reference frame. 

[

𝑑𝑖𝑎
𝑑𝑖𝑏
𝑑𝑖𝑐

] =

[
 
 
 
 
 −

𝑅

𝐿
0 0

0 −
𝑅

𝐿
0

0 0 −
𝑅

𝐿]
 
 
 
 
 

[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] +
1

𝐿
[

𝑢𝑎 − 𝑣𝑎

𝑢𝑏 − 𝑣𝑏

𝑢𝑐 − 𝑣𝑐

] (16) 

By performing the park transformation, the equation given above (16) in the stationary reference frame can be 

converted to the synchronously rotating reference frame as given in Equation (17). In this equation, id and iq 

are d-axis and q-axis output currents, vd and vq are d-axis and q-axis load voltages and ud and uq are d-axis and 

q-axis inverter voltages, respectively. 

[

𝑑𝑖𝑑
𝑑𝑡
𝑑𝑖𝑞
𝑑𝑡

] =
1

𝐿
[
−𝑅 𝜔𝐿
−𝜔𝐿 −𝑅

] [
𝑖𝑑
𝑖𝑞

] −
1

𝐿
[
𝑣𝑑

𝑣𝑞
] +

1

𝐿
[
𝑢𝑑

𝑢𝑞
] (17) 
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Equations (18) and (19) give the decoupling dq-axis inverter voltages in the synchronously rotating reference 

frame. In these equations, inverter voltage is formulated as the sum of load voltage and other coupling 

parameters. 

𝑢𝑑 = 𝐿
𝑑𝑖𝑑
𝑑𝑡

+ 𝑅𝑖𝑑 − 𝜔𝐿𝑖𝑞 + 𝑣𝑑 (18) 

𝑢𝑞 = 𝐿
𝑑𝑖𝑞
𝑑𝑡

+ 𝑅𝑖𝑞 − 𝜔𝐿𝑖𝑑 + 𝑣𝑞 (19) 

The reference and measured dq-axis load voltages are compared, and its PI controller output gives dq-axis 

reference currents as given in Equations (20) and (21). This reference dq-axis currents and the measured and 

transformed dq-axis output currents are compared with the PI controller to make the closed-loop controller 

stable in the decoupling control. Its formulation is given in Equations (22) and (23). 

𝑖𝑑𝑟𝑒𝑓
= (𝐾𝑝1

+
𝐾𝑖1

𝑠
) (𝑉𝑑𝑟𝑒𝑓

− 𝑉𝑑) (20) 

𝑖𝑞𝑟𝑒𝑓
= (𝐾𝑝2

+
𝐾𝑖2

𝑠
) (𝑉𝑞𝑟𝑒𝑓

− 𝑉𝑞) (21) 

𝑢𝑑 = (𝐾𝑝3
+

𝐾𝑖3

𝑠
) (𝑖𝑑𝑟𝑒𝑓 − 𝑖𝑑) − 𝜔𝐿𝑖𝑞 + 𝑉𝑑 (22) 

𝑢𝑞 = (𝐾𝑝4
+

𝐾𝑖4

𝑠
) (𝑖𝑑𝑟𝑒𝑓 − 𝑖𝑞) − 𝜔𝐿𝑖𝑞 + 𝑉𝑑 (23) 

The decoupling control of three-phase qZSI is shown in Figure 5. 

 

Figure 5. Modulation control strategy in dq reference frame 
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2.5. Sinusoidal PWM (SPWM) Control Strategy 

The fundamental concept behind SPWM is to utilize a sine wave to modulate the duty cycle of a square wave. 

In SPWM, the output signal takes on a waveform resembling a sine wave, and its fundamental frequency 

matches the frequency of the modulating sine wave. A waveform with variable amplitude and frequency is 

produced when the square wave's duty cycle varies proportionally to the sine wave's amplitude. Simple boost 

control, maximum boost control, maximum constant boost control, and third-harmonic injection are the main 

SPWM modulation techniques (Sabeur et al., 2018; Zhao et al., 2019; Garcia-Vazquez et al., 2020; Xu et al., 

2020). 

In this paper, ST state references are identified from the capacitor voltages and input current to control DC bus 

voltage and ST states of qZSI. The positive and negative ST state (+D and -D) generation control block diagram 

is given in Figure 6. Reference (𝑉𝐶𝑟𝑒𝑓
) and the sum of actual capacitor voltages (𝑉𝐶1

+ 𝑉𝐶2
) are compared, and 

its output gives reference input current as given in Equation (24). This reference and the measured input 

currents are compared in the PI controller to obtain the ST state of the qZSI as given in Equation (25). 

 

Figure 6. Positive and negative ST state (+D and -D) generation control block diagram 

𝐼𝑖𝑛𝑟𝑒𝑓
= (𝐾𝑝5

+
𝐾𝑖5

𝑠
) (𝑉𝐶𝑟𝑒𝑓

− (𝑉𝐶1
+ 𝑉𝐶2

)) (24) 

1 − 𝐷 = (𝐾𝑝6
+

𝐾𝑖6

𝑠
) (𝐼𝑖𝑛𝑟𝑒𝑓

− 𝐼𝑖𝑛) (25) 

Figure 7 shows the generation of switching signals of a three-phase qZSI by decoupling control and ST state 

control methods. To generate the +D and -D references, the sum of capacitor voltages (𝑉𝐶1
+ 𝑉𝐶2

) of the qZS 

network is compared with reference capacitor voltage (𝑉𝐶𝑟𝑒𝑓
). Error is employed to PI controlled to generate 

qZS network input current reference. +D and -D references are generated by adding ±1 output obtained by 

comparing the measured input current with the PI controller respectively. 

 

Figure 7. Modulation and ST state control with SPWM controller 
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The control layout of three-phase qZSI is given in Figure 8. Output voltages and currents measured at the load 

are converted to the synchronously rotating reference frame. The resulting dq-axis output currents are used to 

generate inverter reference voltages in the current controller. The generated reference inverter voltages and the 

measured output voltages converted to the dq axis are used to generate the reference dq axis output voltages 

using the decoupling control equations. The calculated dq-axis output reference voltages are transformed to a 

stationary abc-axis reference frame and (ma, mb, mc) voltage references are obtained. 

The sum of the capacitor voltages VC1 and VC2 of the qZS network is compared with the reference capacitor 

voltage. This reference capacitor voltage also equals the maximum DC bus voltage. Reference input current is 

generated by passing the error through PI control. The obtained input reference current is compared with the 

actual/measured input current and the difference is subjected to PI control. The PI controller output is used to 

have +D and -D references. 

 

Figure 8. The control layout of the three-phase qZSI 

3. SIMULATION RESULTS 

Simulation studies have been performed with Matlab/Simulink program to evaluate the performance of three-

phase qZSI. Moreover, the whole control scheme of the qZSI is designed in Matlab/Simulink. Therefore, the 

parameters used in the paper are presented in Table 1. 
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Table 1. Simulation parameters are used in this paper. 

Parameters Symbols Values 

Input voltage 𝑉𝑖𝑛 100 [Vdc] 

Output load 𝑅𝐿 40 [Ω] 

Filter inductance 𝐿𝑓 10 [mH] 

Switching frequency 𝑓𝑠 10 [kHz] 

DC bus voltage 𝑉𝑃𝑁 800 [Vdc] 

qZSI Inductances L1,L2 500 [µH] 

qZSI Capacitors C1,C2 300 [μF] 

Also, the layout of the whole control system of qZSI is depicted in Figure 9. Decoupling control and ST state 

control scheme are given on the upper side, and three-phase qZSI is given on the lower side. DC bus voltage 

is determined as 800 Vdc. All inductance and capacitor values are selected as 500 µH and 300 μF, respectively. 

Besides, the switching frequency is selected as 10kHz. Finally, the output filter and resistive load parameters 

are determined as 10 mH and 40 Ω, respectively. 

 

Figure 9. The layout of the whole control system of the qZSI 

Besides, the six PI controller parameters used in the simulation are also shown in Table 2. 𝑃𝐼1 and 𝑃𝐼2 

controllers are responsible for generating the 𝐼𝑑𝑟𝑒𝑓
 and 𝐼𝑞𝑟𝑒𝑓

, respectively. 𝑃𝐼3 and 𝑃𝐼4 controllers are 

responsible for generating the 𝑢𝑑 and 𝑢𝑞, respectively. Finally, 𝑃𝐼5 and 𝑃𝐼6 controllers are responsible for 

generating the ST state as 1 − 𝐷. 
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Table 2. PI parameters used in the qZSI controller. 

Parameters Symbols Values 

𝑃𝐼1 𝐾𝑃1
, 𝐾𝐼1  0.001, 0.2 

𝑃𝐼2 𝐾𝑃2
, 𝐾𝐼2  0.001, 0.2 

𝑃𝐼3 𝐾𝑃3
, 𝐾𝐼3  5, 5000 

𝑃𝐼4 𝐾𝑃4
, 𝐾𝐼4  5, 5000 

𝑃𝐼5 𝐾𝑃5
, 𝐾𝐼5  0.06, 5 

𝑃𝐼6 𝐾𝑃6
, 𝐾𝐼6  1.5, 0.01 

The proposed control scheme and qZSI are analyzed in transient, steady state, and some parameter variations. 

Figure 10 depicts the steady-state capacitor and bus voltages of the SPWM-based three-phase qZSI. In typical 

operating conditions, the bus voltage is equal to the sum of 𝑉𝐶1
 and 𝑉𝐶2

. However, when the system is in the 

ST state, the output voltage is zero. Furthermore, it can be deduced that the input voltage, 𝑉𝑖𝑛1
, is equal to the 

difference between 𝑉𝐶1
 and 𝑉𝐶2

. 

 

Figure 10. Capacitor (𝑉𝐶1
, 𝑉𝐶2

) and bus voltage (𝑉𝑃𝑁) waveforms of the SPWM-based qZSI 

Transient state output voltage (𝑉𝑑 , 𝑉𝑞) and output current (𝐼𝑑 , 𝐼𝑞) waveforms of the SPWM-based three-phase 

qZSI in a dq reference frame are illustrated in Figure 11. To observe the transient response of the circuit, 

𝑉𝑑𝑟𝑒𝑓
= 311𝑉 and 𝑉𝑞𝑟𝑒𝑓

= 0𝑉 are applied to the input as reference voltages and the output current 𝐼𝑑 ≅ 4𝐴 

and 𝐼𝑞 ≅ −2.15𝐴 are obtained. It has been observed that all current and voltage values are set to a 2 % reference 

band at approximately 300 ms. 
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Figure 11. Output voltage (𝑉𝑑 , 𝑉𝑞) and output current (𝐼𝑑 , 𝐼𝑞) waveforms of the SPWM-based qZSI in a dq 

reference frame. 

Steady-state phase-neutral output voltages (𝑉𝑎𝑛, 𝑉𝑏𝑛, 𝑉𝑐𝑛) and filtered output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms 

of the SPWM-based three-phase qZSI are given in Figure 12, respectively. 𝑉𝑑𝑟𝑒𝑓
= 311𝑉 and 𝑉𝑞𝑟𝑒𝑓

= 0𝑉 are 

applied to the input as reference voltages to examine the steady response of the circuit and the maximum value 

of the balanced output current 𝐼𝑜𝑎
≅ 𝐼𝑜𝑏

≅ 𝐼𝑜𝑐
≅ 4.9𝐴 are obtained. The filtered output current has a sinusoidal 

form while the input voltage has three-level square waveform. Moreover, the THD value of the output current 

is measured as 3.9 % and it can be concluded that the THD value of the input current is acceptable limits for 

IEC61000-3-2. 

 

Figure 12. Output phase-neutral voltages (𝑉𝑎𝑛, 𝑉𝑏𝑛, 𝑉𝑐𝑛) and filtered output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms 

of the SPWM-based qZSI 

Steady-state filtered output phase-phase voltages (𝑉𝑎𝑏 , 𝑉𝑏𝑐, 𝑉𝑐𝑎) and output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of 

the SPWM-based three-phase qZSI are shown in Figure 13, respectively. It can be inferred that all filtered 

current and voltage waveforms of qZSI are sinusoidal in a steady state. 
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Figure 13. Filtered output phase-phase voltages (𝑉𝑎𝑏 , 𝑉𝑏𝑐 , 𝑉𝑐𝑎) and output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of 

the SPWM-based qZSI 

Step responses of the output voltage (𝑉𝑑 , 𝑉𝑞), output current (𝐼𝑑 , 𝐼𝑞), phase-phase output voltage (𝑉𝑎𝑏 , 𝑉𝑏𝑐, 𝑉𝑐𝑎), 

and output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of the SPWM-based three-phase qZSI are depicted in Figure 14, 

respectively. To study the step response of the circuit, 𝑉𝑑𝑟𝑒𝑓
= 311𝑉 and 𝑉𝑞𝑟𝑒𝑓

= 0𝑉 are applied to the input 

as reference voltages. After 0.7 seconds, 𝑉𝑑𝑟𝑒𝑓
= 200𝑉 and 𝑉𝑞𝑟𝑒𝑓

= 0𝑉 are applied as a reference, and after 

1.4 seconds, 𝑉𝑑𝑟𝑒𝑓
= 200𝑉 and 𝑉𝑞𝑟𝑒𝑓

= −150𝑉 are applied, respectively. In all cases, the system settles to the 

2 %  reference band at a maximum of 200 ms. 

 

Figure 14. Output voltage (𝑉𝑑 , 𝑉𝑞), output current (𝐼𝑑 , 𝐼𝑞), phase-phase output voltage (𝑉𝑎𝑏 , 𝑉𝑏𝑐, 𝑉𝑐𝑎), and 

output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of the SPWM-based qZSI 
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Step responses of the capacitor voltages (𝑉𝐶1
, 𝑉𝐶2

) and input current (𝐼𝑖𝑛) waveforms of the SPWM-based three-

phase qZSI are illustrated in Figure 15, respectively. To analyze the step response of the circuit, 𝑉𝑑𝑟𝑒𝑓
= 311𝑉 

and 𝑉𝑞𝑟𝑒𝑓
= 0𝑉 are applied to the input as reference voltages. After 0.7 seconds, 𝑉𝑑𝑟𝑒𝑓

= 200𝑉 and 𝑉𝑞𝑟𝑒𝑓
=

0𝑉 are applied as a reference, and after 1.35 seconds, 𝑉𝑑𝑟𝑒𝑓
= 200𝑉 and 𝑉𝑞𝑟𝑒𝑓

= −150𝑉 are applied, 

respectively. In a transient state, maximum voltage ripples of the capacitor voltages 𝑉𝐶1
 and 𝑉𝐶2

 are obtained 

as 2 %. Moreover, it has been observed that the capacitor voltages do not change in the steady state even if the 

reference voltage variations and settle to the reference after a few hundred milliseconds. 

 

Figure 15. Capacitor voltages (𝑉𝐶1
, 𝑉𝐶2

) and input current (𝐼𝑖𝑛) waveforms of the SPWM based qZSI 

Step responses of the output voltage (𝑉𝑑 , 𝑉𝑞), output current (𝐼𝑑 , 𝐼𝑞), phase-phase output voltage (𝑉𝑎𝑏 , 𝑉𝑏𝑐, 𝑉𝑐𝑎), 

and output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of the SPWM-based three-phase qZSI are depicted in Figure 16, 

respectively. To study the step response of the circuit, 𝐼𝑑𝑟𝑒𝑓
= 3𝐴 and 𝐼𝑞𝑟𝑒𝑓

= 0𝐴 are applied to the input as 

reference currents. After 0.7 seconds, 𝐼𝑑𝑟𝑒𝑓
= 1𝐴 and 𝐼𝑞𝑟𝑒𝑓

= 0𝐴 are applied as a reference, and after 1.35 

seconds, 𝐼𝑑𝑟𝑒𝑓
= 1𝐴 and 𝐼𝑞𝑟𝑒𝑓

= −3𝐴 are applied, respectively. In all cases, the system settles to the 2 % 

reference band at a maximum of 100 ms. In this case, it can be deduced that the response of the system to the 

current reference is about two times faster than the response to the voltage reference. 

Current harmonic limits of the SPWM based three-phase qZSI under full load and half load conditions are 

shown in Figure 17a and 17b, respectively. According to the figure, IEC61000-3-2 Class C harmonic limits 

are met for both conditions, and the THD value of the output current is measured as 3.9 % for the full load 

condition and 4.5 % for the half load condition. 

Figure 18 shows the PF values for different load conditions for the SPWM-based three-phase qZSI output 

current. As can be seen from the figure that the power factor increases from half load to full load.  Moreover, 

it can be deduced from the figure that the PF is about 99 % under all load conditions after half load. 
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Figure 16. Output voltage (𝑉𝑑 , 𝑉𝑞), output current (𝐼𝑑 , 𝐼𝑞), phase-phase output voltage (𝑉𝑎𝑏 , 𝑉𝑏𝑐, 𝑉𝑐𝑎), and 

output current (𝐼𝑜𝑎
, 𝐼𝑜𝑏

, 𝐼𝑜𝑐
) waveforms of the SPWM-based qZSI 

 

 
(a) 

 
(b) 

Figure 17. Current harmonic limits of qZSI a) full load condition b) half load condition 
 

 

Figure 18. Power factor (PF) measurement of the output current under different load conditions 
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4. CONCLUSION 

In this paper, a capacitor voltage and input current-based SPWM control scheme for a three-phase qZSI has 

been extensively tested and analyzed under various conditions. The circuit underwent thorough testing in 

transient, steady-state, and parameter change scenarios, and consistently exhibited excellent performance. 

Furthermore, the inverter was subjected to separate tests for both current and voltage references, and it 

demonstrated precise tracking of all the references. This indicates that the circuit is capable of accurately 

controlling both the current and voltage, making it a reliable power source suitable for a wide range of 

applications. 

The current THD value was consistently found to be below 5 % under different parameter and load change 

conditions. This outcome highlights the inverter's ability to generate high-quality output current while 

complying with the current harmonic limits specified by the IEC61000-3-2 Class C standard. 

Overall, the proposed control scheme presents a promising solution for power conversion, as it effectively 

reduces harmonic distortion and enables accurate control of current and voltage. The scheme's performance 

has been thoroughly tested and analyzed, showcasing its potential for diverse applications. 
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