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Abstract 
apability of voltage increase in impedance source inverters cause voltage source with low voltage 
could also be used in high voltage applications. Impedance source inverters combine the 
capabilities of common inventors with benefits of confirmatory converters DC-DC and then this 
new approach may offer in order to achieve full and efficient structures. But changes in structure 

and output voltage mean changes in the way of switching performance, circuit complexity and as a result 
accuracy and speed in system control. In this research, Z-source inverter voltage control algorithm 
implementation has performed on FPGA so that it has better abilities (such as fast processing; more 
flexibility architecturally, controlling several process at the same time and etc.) than micro-controllers and 
DSPs and this new alternative help complex algorithm implementations in system control and also it has 
been dramatically successful in improving the reliability. Control plan in FPGA Spartan6 has been 
implemented by using Xilinx ISE Tools application. Also, system checks operation has been simulated by 
using MATLAB/SIMULINK application. Finally, simulation and practical results were presented and also 
discussed. 
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1.  INTRODUCTION  
In 2002, Z-source inverters were proposed to fix the problems of traditional inverters where DC-DC 

boost converter was successfully integrated with Bridge-Type inverter.  As an important field of study in 
power electronics, impedance network inverter topology was studied in different aspects [1]. Reference 
[2] proposed some solutions to fix the problems of V and I source converters. Traditional three-phase 
voltage inverters have 6 active vectors. Whenever output voltage is applied to two heads with two null 
vectors, upper switches alone or lower switches alone are applied to null load. Increased voltage capability 
in impedance source inverters led to use low-voltage sources in high-voltage applications [3]. Three-phase 
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Z-source bridge inverter has a shoot-through state [4]. Due to important features of FPGAs1 such as fast 
processing, fast programming, high working frequency, and the ability to process multiple different 
processes, they are employed in power electronics systems in order to control DC/AC inverters to achieve 
desired voltage. In addition to mentioned advantages to promote FPGA, it is also possible to use Nios II 
processor which can be created by a designer and software. This is explained in [5]. References [6] and [7] 
introduced the implementation of these models to generate various output voltages. Sinusoidal Pulse 
Width Modulation is digitally performed by the help of micro controllers. FPGA or DSP2 is, however, used 
to control DC/AC inverter algorithm. Reference [8] provides more complete explanations in this regard. 
When we deal with multilevel inverters, we use FPGA. References [9], [10], and [11] introduced some 
three-level inverters. References [7] and [12] described 5-level inverters. Despite extensive opportunities 
and abilities provided by FPGAs, microcontrollers are sometimes used with FPGA [10].  

Multiple studies used FPGA to control NPC3 inverter control. [13], [10], [14], and [15] used FPGA to 
control Z-source inverter for a set of wind-to-electric energy conversion. There are various FPGA families 
such as stratix and cyclone by Altera Company used in [16] and [17]. [4] And [8] used Virtex and Spartan 
by Xilinx Company. 

 

Figure 1:  Z-source inverter structure [38] 

 

Figure 2:  Equivalent Circuit of impedance source from DC link perspective 

                                                           
1 Field-Programmable Gate Arrays 
2 Digital Signal Processor 
3 Neutral Point Clamped 
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Figure 3:  Equivalent Circuit of impedance source from DC link perspective in Active state 

  

 

Figure 4:  Equivalent Circuit of impedance source from DC link perspective in Shoot-Through state 
 

2. Z-SOURCE INVERTER 

Z-source inverters, as power electronics interface, are capable of increasing input DC voltage by applying 
appropriate switching and then convert it into a set of symmetrical three-phase voltages [15]. Multiple 
applications were introduced for this converter such as connection of distributed generation to power 
systems, motor speed control (drive), power quality improvement in distribution system, etc. [16]. "Figure 
1" shows the general structure of Z-source inverter. As it can be seen, the major difference between this 
converter and voltage source inverters and current source lies in the presence of X impedance network 
between DC power supply and inverter circuit.  Z-source inverter impedance network consists of separate 
L1 and L2 inductors, C1 and C2 capacitors connected in X form. In current source and voltage source 
converters, Shooting-Through of both switches of each of inverter knees need to be prevented in order to 
avoid short circuit. The presence of this impedance network in Z-source inverter makes it possible that 
both switches are turned on at the same time and without major current. Shooting-Through switches can 
also increase the DC voltage level. "Figure 2" shows Z-source inverter, shown in Figure 1, from the 
perspective of DC link.  

Inverter Bridge in active state, as seen in Figure 3, can be replaced by an alternate current source. 
Inverter Bridge in Shoot-Through State is modeled by a short circuit like in Figure 4. Impedance network 
states fall into Shoot-Through and Non-Shoot-Through.  
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2-1. Shoot-through state 
In this state, DIN is in reverse bias. L1 is charged parallel with C1. L2 is charged with C2. This state is 

associated with extra zero mode created by Shooting-Through of upper and lower switches.  

2-2. Non-shoot-through state 
This state is linked with 6 active states and two zero states of main circuit. In this state, DIN is on and the 

stored energy in L1 and L2 are transferred to the main circuit. At this moment, C1 is charged with VIN through 
L2 and C2 is charged by VIN through L1 to supply the C1 and C2 consumption energy in Shoot-Through State. 
Assuming that L1 and L2 as well as C1 and C2 have equal inductance (L) and capacitor capacity (C), impedance 
network will be symmetrical. We will have:  

VC1=VC2=VC 

VL1=VL2=VL           (1) 

If the inverter is T switching interval for T0 in Shoot-Through State, according to Figure 4, we can write: 

VL=VC 

Vd=2VC           (2) 

Vi=0 

And for T0-T1= T where inverter is in Non-Shoot-Through State, we will have: 

VL=V0-VC 

Vd=V0            (3) 

Vi=VC-VL=2VC-V0 

Average self-voltage is zero in switching interval. According to (2) and (3):   

       
The average of DC link voltage in two heads of inverter is as follows:  

 

Maximum DC link voltage which happens in Shoot-Through State, according to (3), is as follows: 

 
B in (7) and (8) is called Boost Factor, ranging from zero to infinity.D0 =T0 /T  is the time ratio of Shoot-

Through State to the whole switching time. Since is on two heads of inverter in active state, or in other 
words, is considered input voltage from AC side, this voltage is considered equal to DC link voltage. 
Therefore, maximum output voltage is as follows:  

 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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The voltage of output peak phase from the Z-source inverter is defined as follows. Where M is 

Modulation Index. Using (7) and (9), it is claimed that: 

 
"Equation (10)" shows that output voltage can be increased or decreased by an appropriate BB factor. 

 

BB-Buck-Boost factor is determined by M Modulation Index and B Boost factor. B boost factor, as stated 
in (8), in controlled from zero Shoot-Through state on Non-Shoot-Through State from PWM inverter. Zero 
Shoot-Through state in not effective in PWM inverter control because zero Shoot-Through state equally 
generates zero voltage for load terminal. 

 

3. VARIOUS Z-SOURCEINVERTER SWITCHING METHODS 
This inverter has a unique capability in strengthening and weakening effect that ideally can supply output from 

zero to infinity, regardless of the input. This feature is resulting from a unique mode of this inverter`s switching- 
Shoot Through- considered illegal switching state in traditional switching.  

 

Figure 5: PWM switching pattern for voltage source inverter 

 

 

Figure 6:  PWM switching pattern for Z-source inverter 

  

(10) 

(11) 
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This occurs when both upper and lower switches are on one or more phases of an inverter in Shoot-
Through state. In three-phase inverters, 8 switching states consist of 2 active switching states (a state 
where a multiple of the input voltage appears in output) and 2 zero states (a state where all three upper 
or lower switches are connected). In Z-source inverter, another state is added to previous 8 states which 
is Shoot-Through generated through 7 methods in three-phase inverters: two switch Shoot-Through of 
each phase, a combination of shoot-Through of two-phase switches, and three-phase Shoot-through. 
"Figure 5" shows PWM switching pattern for VSI which is generated in switching mode through the 
comparison of triangular wave with constant fixed value.  

For instance, if the reference signal is larger than carrier signal (triangular wave), upper switch turns on 
and the lower switch turns off. Some active and zero states can be seen in this diagram. All ordinary PWM 
patterns can be applied to control Z-source inverter and theoretical equations remain true. When DC 
voltage is sufficiently high to generate desired AC voltage, normal PWM is applied. When DC voltage is not 
enough to generate desired output AC, a modified PWM with zero Shoot-through states is applied to boost 
voltage. In this state, phase turns on and off once in each switching cycle. Zero Shoot-Through states are 
equally allocated in each phase without changing time interval of zero state. Shoot-Through state can be 
distributed among related PWM switching pattern to traditional inverters. Previous PWM switching 
changes into Figure 5 by adding Shoot-Through state at transient time from one state to another. As it is 
obvious, active state is equal for both PWM methods. A part of zero-state time is spent for Shoot-Through 
state in Figure 5. Mi modulation Index remains constant for both PWM methods. 

Another advantage of Z-source inverter over voltage source inverter lies in practical implementation of 
PWM. In PWM switching pattern for Z-source inverter, time delay is not required any more to switch from 
one mode to another. These time intervals in PWM voltage source inverter lead to the destruction of the 
output waveform. In Z-source inverters, there are two varying variables to reach desired output: Mi which 
also exists in traditional inverters and B which depends on Shooting-Through times. Now, we will study 
two PWM basic methods for Z-source inverters.  

 

3-1. Simple boost method 

"Figure 6" shows simple boost method for D0 control introduced in [16]. In this method, Vp direct line 
has equal or greater value than reference sinusoidal signals added to switching pattern of voltage source 
inverter in order to impose Shooting-Through. If triangular carrier wave is greater than Vp or smaller than 
VN=-VP, Z-source inverter is placed in Shooting-Through state. In Z-source inverter switching, all 6 active 
states of Shooting-Though in traditional inverters are observable. For this switching method, reduced 
Shooting-Through time means increased Mi Modulation Index. Reduced Mi leads to increased voltage 
stress on switches [16].  

 

Figure 7:   Wave forms related to simple boost method 
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Figure 8: Waveforms in maximum boost method 
 

3-2. Maximum boost method 

"Figure 8" shows maximum boost method [17] which is too similar to simple boost method. The 
difference lies in the fact that all zero-state time intervals in previous method were allocated to Shooting-
Through state. Therefore, maximum boost is obtainable for each value of Mi with no change in wave form. 
As it can be seen in Figure 8, when triangular wave form (carrier wave) is larger than reference waves at 
any time, Shooting-Through occurs. 

4.  FPFA 
A field-programmable gate array (FPGA) is an integrated circuit designed to be configured by a customer 

or a designer ranging from 20000 to millions of gates and it is made by CMOS technology. FPGA and CPLD4 
are deranged according to programmable logic cells where the link among cells is also programmable 
because FPGA and CPLD are similar concerning programming and application.  

In some writings, CPLD are called a kind of FPGA. FPGA are highly appropriate to make a circuit and fast 
design of digital systems. Since they are programmable, we are able to make changes according to the 
needs. FPGA can be reprogrammed. In other words, a new digital system is designed.  

Programmable circuits are divided into three categories: 

1. Programmable read-only memory (PROM) 

2. Programmable logical device (PLD) 

3. Field-Programmable Gate Arrays (FPGA) 
 

FPGA can be used in two fields: 

1. Places where speed control is not performed fast. 

2. Telecommunications data transmission systems 

 

Logic circuits are generally used to control devices. Each device has its own controlling section which 
determines motor rotations and on/off times. There is, however, a general control for all these controlling 
sections. Sensors in each section, such as the temperature of liquid in various chemical operations, send 

                                                           
4 Complex Programmable Logic Device 
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data to controlling center. General policies of system are taken from sensors according to the process 
performed on received data from sensors. Controlling signals of each device are sent according to these 
policies. As we can see, both levels of process play an important role. At the same time, logic circuits are 
the best device to process data. One FPGA might perform this action in each device. The main processor 
can even be a FPGA. As a result, FPGAs can extensively be applied in controlling circuits.  

 

5. LAB AND SIMULATION RESULTS 

Electrical circuits are highly regarded in both practical forms and simulation forms because they have 
large impact on analysis and theoretical design verification. Practical study of power inverters is more 
sensitive due to ideal parts, circuit noise, jamming elements, etc. Lab performance of common circuits 
such as traditional voltage source inverters cylone have been enormously reported in many studies. Since 
Z-source inverter switching algorithm on FPGA is proposed, we describe the implementation and 
simulation. Then Z-source inverter is simulated using non-ideal parts in MATLAB /SIMULINK. 

 

TABLE 1. SIMULATION SETTINGS.  

Part Model Parameter value 
FET resistance , R on𝑅𝑅𝑜𝑜𝑜𝑜   (Ω) 0.1 

Internal diode inductance ,  𝐿𝐿𝑜𝑜𝑜𝑜 Lon (mH) 0 
internal diode resistance ,  𝑅𝑅𝑑𝑑Rd  (Ω) 0.01 

internal diode forward voltage ,Vf  𝑉𝑉𝑓𝑓 (v) 0 
initial current ,Ic    (A) 0 

snubber resistance , Rs 𝑅𝑅𝑠𝑠 (Ω) 100000 
snubber capacitance ,Cs  𝐶𝐶𝑠𝑠  (µf) Inf 

internal diode resistance Rd, 𝑅𝑅𝑑𝑑  (Ω) 0.001 
Internal diode inductance ,  Lon𝐿𝐿𝑜𝑜𝑜𝑜  (mh) 0 
internal diode forward voltage ,Vf  𝑉𝑉𝑓𝑓  (v) 0.7 

Initial current ,  Ic  (A) 0 

Snubber resistance ,Rs  (Ω) 500 
snubber capacitance Cs (µf) 250 
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Figure 9: simple boost switching algorithm 

 

Figure 10: a.  DC link voltage 

 

Figure 10: b.  Phase voltage before LC filte 
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5-1. Theory study 

After that, we explained practical implementation of mentioned switching circuit on FPGA. Since real 
parts are used in practical circuit, simulation needs to be closely related to this circuit. One of main steps 
to achieve this objective is using parts with settings close to the original parts. To this end, we set power 
electronic parts model in MATLAB/ SIMULINK according to real characteristics of parts listed in Table. П 
such simulation settings are listed in Table .I Here, simple boost method is imposed to the circuit. Simple 
boost switching algorithm is simulated in MATLAB/ SIMULINK. "Figure 9" shows this algorithm. We set 
M=0.9 under simple boost control conditions. Since transient cycle is constant, controlling circuit is highly 
simple. By a manual PWM circuit in simulation. "Figure 10" shows the simulation results from zero 
condition to steady state. As it can be seen, steady state in simulation is completely adaptable with 
theoretical analysis. 

TABLE 2. REAL CHARACTERISTICS OF PARTS  

Part 
Commercial 

name 
Parameter value 

  Gate -to -source Voltage (V) 20 
Voltage supply Power supply Amplitude (v) 15 

 

 

Figure 11: a. main inverter circuit 

 

 

Figure 11: b. Impedance network circuit 
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5-2. Practical study  
    In order to study the performance of proposed structure and prove its practicality, Z-source inverter was 

implemented. The same simulation parameters were used to make a hardware test circuit. Since real parts were used 
in lab circuit, lab Z-source inverter was made like Figure 11. The characteristics are listed in Table. П to impose 
switching to the circuit, FPGA was used. Switching process is in a way that essential pulses are generated in ISE for 
circuit switch with Modulation Index of M=0.9. Then they are loaded in FPGA. These pulses are generated by VHDL 
code sampled from each 1600 times and compared with a triangular wave. In other words, sample frequency is TS 
=12.5µs.  

Figure 12:  Controlling algorithm simulation in Modelsim 

 

Figure 13:  FPGA (Spartan 6) 
 

5-3. Controlling algorithm loading on FPGA 
   To load controlling algorithm on FPGA, controlling algorithm program is first written using ISE and 

VHDL. After being synthesized and making sure of no fault, it was simulated in Modelsim, like Figure 12, 
to study the performance prior to loading on FPGA.  
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The program is loaded on FPGA by simulating controlling algorithm in Modelsim. The chip used in this 
project, FPGA (Spartan 6), is Xilinx member shown in Figure 12.  

 

Figure 14: DC link voltage for M=0.9 
 

5-4. Practical results  
   In this step, simple boost controlling algorithm is practically implemented on FPGA. The results of 

output voltage control are observed and recorded. "Figure 14" shows DC link voltage for M=0.9. As it can 
be seen, maximum value shows output voltage boost and correct performance of circuit.  

 

 

Figure 15: phase voltage for M=0.9 

 

   "Figure 15" shows phase voltage for M=0.9. As it can be seen, the maximum value shows output 
voltage boost and correct performance of circuit. Posh oscillation of voltage is associated with capacitor 
voltage oscillation.  
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CONCLUSION  
In this study, a new design was proposed to control Z-source inverter. This model was proposed to show 

FPGA chip characteristics as well as the capability of Z-source inverters.  

Since FPAG is capable of flexibility and simple implementation of complex algorithms, it can be well 
applied in power electronic devices. Z-source inverter was simulated in MATLAB/SIMULINK using non-ideal 
parts. Then the mentioned circuit was practically implemented and switching algorithm was imposed using 
FPGA. The form of voltage waves in practical circuit was obtained and studied. Advantages of Z-source 
inverters over ordinary inverters are as follows:   

1. Increased input voltage due to using impedance source  

2. No need to impose a time delay in switching algorithm due to impedance network and 
consequently improved power quality 

3. Reduced number of switches than when using conventional inverters and DC-DC boost 
converter 

4. Reduced implementation cost  

5. Reduced complexity in switching algorithm of switch drive circuits.  

6. Increased system reliability 

The following applications are the main ones:   

1. Connecting low-voltage DGs to the network  

2. Using in AC motor drives with medium voltage  

3. Using in FACTS to improve system reliability  

4. Using in uninterrupted power supply 

5. Using as active filters to improve power quality indicators  

     Generally, we can claim that the proposed inverter can be used in most applications. Based on the 
capability and ability of FPGAs and new proposed plan, new areas of research can be formed concerning 
the application of inverters. On the other hand, since modified switching methods were discussed for Z-
source inverter, imposing this model can be used on FPGA to improve system performance using non-
linear control methods such as step back control, sliding mode control, adaptive control, and combination 
method.  
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