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Abstract: This paper presents the small signal modeling using the state space averaging 

technique and reliability analysis of a three-phase z-source ac-ac converter. By control-

ling the shoot-through duty ratio, it can operate in buck-boost mode and maintain desired 

output voltage during voltage sag and surge condition. It has faster dynamic response and 

higher efficiency as compared to the traditional voltage regulator. Small signal analysis 

derives different control transfer functions and this leads to design a suitable controller 

for a closed loop system during supply voltage variation. The closed loop system of the 

converter with a PID controller eliminates the transients in output voltage and provides 

steady state regulated output. The proposed model designed in the RT-LAB and executed 

in a field programming gate array (FPGA)-based real-time digital simulator at a fixed-

time step of 10 µs and a constant switching frequency of 10 kHz. The simulator was de-

veloped using very high speed integrated circuit hardware description language (VHDL), 

making it versatile and moveable. Hardware-in-the-loop (HIL) simulation results are pre-

sented to justify the MATLAB simulation results during supply voltage variation of the 

three phase z-source ac-ac converter. The reliability analysis has been applied to the 

converter to find out the failure rate of its different components. 

Key words: real-time digital simulation (RTDS), field programming gate array (FPGA), 

hardware-in-the-loop (HIL), z-source ac-ac converter, PID controller 

 

 

 

1. Introduction 
 

Real-time simulators are innovative apparatus to demonstrate in many engineering fields 

such as power system, aircraft design, industrial automation, power grid protection tests and 

power electronics based motor drives applications for design, development and testing of the 

prototype system [12].The FPGAbased realtime simulators computed the proposed design 

model with calculated time-step i.e. equivalent to the real-world clock. The offline simulation 
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software such as EMTP, PSIM, MATLAB/Simulink and PSCAD executed the model with  

a variable step solver and execution time depends on different parameters such as complexity 

of the system, RAM, processor speed and an operating system etc. It cannot interface the 

actual hardware while this is possible in a real-time simulator. RT-LAB is fully incorporated 

with MATLAB/Simulink and generated the hardware description languages (HDL) code 

automatically without any hand written code in Xilinx System Generator (XSG). The FPGA-

based real-time simulator has been developed as a primary movement for HIL applications, 

which executed the proposed model in real-time embedded control with designated time value 

for power electronics applications [35]. It provides a reliable, effective and non-destructive 

method in the design, development, and testing of the prototype system. In this technique,  

a virtual plant executed in the simulator and a hardware prototype controller plant interface 

with the simulator. The host computer and target (RTDS) are communicated with an Ethernet 

cable. The proposed real-time HIL test approach is applied in a three phase z-source ac-ac 

converter during voltage sag and surge condition.  

A z-source converter especially as an inverter [6] is a popular topology nowadays. It 

consists of an impedance network between a DC power source and the main converter bridge 

circuit. The z-source inverter removes the constraint of the traditional voltage source and 

current source inverter. By controlling the shoot-through duty ratio, it can operate in buck-

boost mode. In the case of ac-ac conversion, the z-source topology is proposed for a single 

phase application [78]. Three phase z-source ac-ac converters are also proposed [911] em-

ploying three inductors, three capacitors, six bi-directional switches etc. This is a single stage 

buck-boost switching voltage regulator which enhances system efficiency and reduces cost of 

the system. The impedance network stores or releases energy accordingly to drive the circuit 

as a perfect regulator. A traditional three phase ac-ac voltage regulator is operated at lower ef-

ficiency as compared to a z-source ac-ac converter. By controlling the shoot-through duty 

ratio, a single phase z-source ac-ac converter can produce regulated output voltage during 

voltage sag and surge [12]. 

A small signal models of a PWM converter are normally followed by state space averaging 

[13] and circuit averaging [14] techniques. The state space averaging technique may be ap-

plied to the three phase z-source converter associated with the averaging of the state equations 

during shoot-through and non-shoot-through switching states. Circuit averaging is achieved by 

the switching component waveform. The state space averaging technique approach has a num-

ber of advantages over the circuit averaging technique like compact representation of equa-

tions, ability to obtain more transfer functions etc. The small signal analysis of the converter 

adds steady state values with consideration of mathematical perturbation. The small signal and 

signal-flow-graph modeling of a switched z-source inverter impedance network is discussed in 

[15]. The stability analysis of a control transfer function indicates the system’s stability. The 

non-minimum phase transfer function increases system robustness. The RHP zero may not be 

shifted to the left side by adjusting z-network parameters but it increases system losses and the 

settling time. The transient modeling and analysis of a PWM z-source inverter is discussed in 

[1617] which focuses on the transient analysis of the dc and ac side of the converter. The dc 

analysis is based on small signal and signal flow graph of the impedance network and the ac 
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side analysis gives space analysis representation of the inverter output voltage. Again, three 

phase circuit modeling through abc to dq transformation eliminates time varying nature of 

transformation that gives accurate and reliable modeling of a converter [1819]. It derives 

more efficient and effective control transfer functions. The paper [20] discussed the steady 

state analysis and derived the transfer function for both ideal and non-ideal PWM z-source 

DC-DC converters. 

Power Electronics semiconductor devices are more complicated to design as a system 

component. The probability of the system is the operating time period of the system com-

ponents. The reliability analysis of parallel components is defined as one component operates 

through the whole time period from beginning to ending, such type of system is called perfect 

reliable. The paper [21] focuses on the general reliability of the parallel components in the 

form of reliability function and literature [22] discussed the reliability analysis and optimi-

zation of the integrated circuit. The integrated devices reduce the leakage current of semicon-

ductor switching devices for a long time period. A large scale technology increases the com-

plexity and losses in the system. The reliability of an individual component is discussed in  

a military hand book and few publications [2324]. More reliability is required for specific ap-

plication such as military aircraft, space etc. The reliability concerns the failure of component, 

mechanism and effect analysis of different components under different operating condition. 

The converter operating under a closed loop condition is affected by any variation in one com-

ponent; the other components are also affected by this variation. In the proposed work, calcu-

lation of time varied reliability of the converter with respect of system component of the cir-

cuit is performed. Reliability of individual component and its mean time-to failure are derived 

for the three phase z-source ac-ac converter. 

The circuit topology of the three phase z-source ac-ac converter is shown in Fig. 1. There 

are two switching states in this converter circuit. In the non-shoot through state the bi-direc-

tional switches S1, S2, S3 are turned on all together and S4, S5, S6 are turned off all together 

and the corresponding equivalent circuit is shown in Fig. 2. The ac source charges the z-net-

work capacitors as well as energy is transferred to the load by the inductor. The operating 

interval of the converter in this state is (1  D) T, where D is the duty ratio of switch S4, S5, S6 

and T is the switching cycle. During the shoot-through state the bi-directional switches S1, S2 

and S3 are turned off and S4, S5, and S6 are turned on and the operating time interval is DT as 

shown in Fig. 3.  

 

 

Fig. 1. Equivalent circuit of the three phase ac-ac circuit 
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Fig. 2. Non-shoot through state of the three phase ac-ac circuit 

 

 

Fig. 3. Shoot-through equivalent circuit of the three phase ac-ac circuit 

 

Here the electrostatic energy of the capacitor is stored in the inductor which is utilized to 

boost the output voltage during the non-shoot through state. The topology helps to operate the 

converter in the boost mode when D is below 0.5 and in the buck mode when D is set above 

0.5. The maximum gain of the converter achievable is 1.15. 

 

 

2. Small signal modeling 
 

Small signal analysis is a linearization of the nonlinear devices. Some assumptions have 

been taken for small signal analysis. These are:  

  1) A converter is operating in continuous conduction mode. 

  2) All semiconductor devices i.e. IGBT and a diode are operated as an ideal switch and 

lossless. 

  3) The passive component such as a resistor, inductor and capacitor are linear, time invariant 

and frequency independent. 

  4) Natural time constant of the converter is more than one switching time period.  

Small signal analysis by a state space averaging technique is used to present the state equa-

tion of switching states. The three phase z-source ac-ac converter has six energy storage ele-

ments i.e. three capacitors and three inductors. Hence the three phase z-source converter sy-

stem has six state variables. 

Now, assuming input line voltages as Vab, Vbc, Vca output voltages as Vo1, Vo2, Vo3 current 

through inductors L1, L2 and L3 as IL1, IL2 and IL3 respectively, voltage across capacitors C1, C2 

and C3 as VC1, VC2 and VC3 respectively, output current per phase as Io1, Io2 and Io3 and input 

current per phase as ia, ib and ic. 

Brought to you by | Uniwersytetu Technologicznego w Szczecinie - Biblioteka Glówna Zachodniopomorskiego
Authenticated

Download Date | 12/19/17 5:07 PM



Vol.  66 (2017)           Modeling and reliability analysis of three phase z-source AC-AC converter 735 

Also, considering the order of the system = 6, states of the system 
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The state equation during the non-shoot through state referring to Fig. 2 becomes: 
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 (1) 

Similarly for the shoot through state, the Fig. 3 gives the state equation 
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. (2) 

Equations (1) and (2) are converted into the d-q co-ordinate system for proper analysis. 

Equal values of inductance and capacitance are chosen for the circuit simplicity like 

L1 = L2 = L3 = L, C1 = C2 = C3 = C, and was supply frequency. 

After the d-q transformation, the state equation during the non-shoot through state be-

comes:  
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 (3) 

Similarly, after the d-q transformation, state equation in the shoot through state becomes: 
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. (4) 

Applying perturbation in the signals like: 

abcabc VVabcv


 , 

abcabc iIabci


 ,  

321321321 LLLLLLLLL iIi


 ,  

321321321 CCCCCCCCC VVv


 , 

 321321321 ooooooooo VVv


 ,  

321321321 ooooooooo iIi


 ,  

dDd


 , 

where Vabc , Iabc , 
321 LLLI , 

321 CCCV , 321 oooV , 321 oooI , D are the steady state values and abcV


, abci


, 

321 LLLi


, 
321 CCCV


, 321 oooV


, 321 oooi


, d


are corresponding small signal values.  

Hence, we obtain the state space averaging equation as (5). 
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(5)

 

The output equation is obtained as: 
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Following parameters and steady state quantities are considered for deriving transfer 

function: 

D = 0.33, C = 600 µF, C = 10 µF, f = 50 Hz, ILd = 0 A, ILq = 7.07 A, ILo = 0 A, VCd = 0 V, 

VCq = 677.178 V, VC0 = 0 V, Vid = 0 V, Viq = 586.81 V, Vio = 0 V, Iod = 0 A, Ioq = 0 A, Io0 = 0 A. 

We can find out transfer functions with respect to desired input with help of Equations (5) 

and (6). 

The d-axis inductor current to control the transfer function: 

  
4320235426

4440236331)(

10019.510945.11079.110594.1

10179.610176.110222.11008.2

)(ˆ

ˆ






sss

sss

sd

Ld
i s

. (7) 

The q-axis inductor current to control the transfer function:  

  
4320235426

4341235332

10019.510945.11079.110594.1

10997.71007.110295.11092.1

)(ˆ

)(ˆ






sss

sss

sd

siLq
. (8) 

Similarly, d-axis capacitor voltage to control the transfer function: 

  
4320235426

4640238332

10019.510945.11079.110594.1

10222.61013.810117.110303.1

)(ˆ

)(ˆ






sss

sss

sd

svCd . (9) 

The q-axis capacitor voltage to control the transfer function: 

 
432023526

4541237333

10019.510945.11079.1410594.1

10331.710049.610299.110203.1

)(ˆ

)(ˆ






sss

sss

sd

svCq
. (10) 

 

3. Reliability analysis 
 

Reliability describes the ability of any system or component to work under some specified 

conditions for specified time periods. The analysis has been done to check the reliability of 

three phase z-source converters and individual components based on specified reliability data 

[16]. In this section, failure rates are calculated with assumptions of constant failure rates 

under some pre-specified conditions.  

Three phase z-source ac-ac converter has six bidirectional switches, three capacitors and 

three inductors. The calculation of the failure rate of each component of the converter system 

is given below: 

3.1. Capacitor 

Part failure rate EQCVbp πππλλ  failures/106 h [16]  





















 

























185

358

)273(
5.2exp1

4.0
00115.0
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where: 

rated

rms2

geRatedvolta

oltageOperatingv

DC

ACDC

V

VV
S


 . 

Then 00037.0λ b
 

at S = 0.1 and T = 70oC, 8455.14.1π 12.0  CCV  for C = 10 µF, 

Qπ = quality factor = 10 for commercial and unknown screening level, Eπ = environmental 

factor = 10 for fixed ground. 

For a commercial, ground fixed, paper di-electric capacitor of capacitance C = 10 µF with 

S = 0.1 at T = 70oC. 

The failure rate becomes as: 

683.01010844.100037.0  p failures/106 h. 

3.2. Inductor 

Part failure rate EQCbp πππλλ  failures/106 h [16], where 





















 


6.15

329

)273(
exp000335.0 HS

b

T
. 

THS is the hot spot temperature (°C), THS = TA+1.1(ΔT) (°C), ΔT is the average temperature 

rise above ambient. 

So, 0023.0λ b at 75oC for a fixed inductor, 1π C  for a fixed inductor, Qπ = quality fac-

tor = 3.0, 1.0, for lower quality, Eπ = environmental factor = 6.0 for grounded and fixed de-

vices. 

For a fixed inductor the failure rate: 

414.0.00.60.30.10023.0  p  failures/106 h. 

3.3. High frequency switches 

Part failure rate EQTbp πππλλ   failures/106 h [16] where bλ base failure rate = 0.0083 

for IGBT. 

































298

1

273

1
2489exp

j

T
T

. 

Temperature factor 0.3π T for Tj = 75oC, Qπ = quality factor = 5.5 for lower or commer-

cial quality, Eπ = environmental factor = 2.0 for grounded and fixed devices, 

2739.00.25.50.30083.0λ p  failures/106 h. 

Therefore, failure rate of the total system (considering the total number of components 

used) is: 

1866.3336 INDUCTORCAPACITORSWITCHSYSTEM   failures/106 h.
 

Mean time to failure is then calculated as:  
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hours3816600hours
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4. Results and discussion 
 

Verification of modeling is carried out using hardware-in-the-loop (HIL) and offline simu-

lation of a closed loop converter system using a real-time simulator and MATLAB/Simulink 

respectively. The z-source network parameters are selected as L1 = L2 = L3 = 0.6 mH, and 

C1 = C2 = C3 = 10 µF. Switching frequency is chosen as 10 kHz and the proposed model 

computed in a real-time simulator with a fixed-time step of 10 µs. The PID tuning parameters 

are selected with the help of the SISO tool in MATLAB such as KP = 1.8, KI = 5 and 

Kd = 0.05. OPAL-RT simulator compromises the distinctive characteristic of combining con-

ventional phasor-type solver with ephasor sim with calculated real-time step solver. Real-time 

simulation results provide a bridging gap between the incorporating software and hardware.  

A bi-directional switch is realized connecting two IGBTs in anti-parallel. A PID controller is 

employed for the generation of variable PWM signals for the switches of a converter. A con-

troller is designed on the basis of small signal analysis. The controller operates in feed-forward 

mode through sensing the voltage across the impedance network capacitor and modulated the 

PWM duty of the converter. During step load changes, the closed loop system with a PID 

controller is employed to and compensated the PWM duty of the converter. The output voltage 

has small variation for a wide range of step load changes and no effect on the circuit 

performance. The controller provides constant and smooth output voltage during load variations. 

The simulation result is shown in Table 1 at different input voltage. The input line voltage 

is varied from 370 V to 610 V and output voltage is observed almost constant around 400 V. 

The output voltage has small variation for a wide range of input voltage. A closed loop control 

system provides steady state output voltage during voltage sag and surge. Input line voltage is 

suddenly varied from 370 V to 260 V from 0.7 s to 0.8 s during voltage sag and the output 

voltage waveform is captured. The input and output voltage and corresponding input current 

waveforms are shown in Fig. 4. During surge, input voltage is varied suddenly from 370 V to 

480 V from 0.7 s to 0.8 s and waveforms are recorded as shown in Fig. 5. 
 

Table 1. Three phase z-source AC-AC converter at different input voltage condition 

Input Voltage (rms), Vin Output Phase Voltage (rms), Vout Gain, G 

370 V 391.2 V 1.05 

390 V 393.5 V 1.00 

420 V 396.4 V 0.943 

490 V 398 V 0.812 

520 V 405 V 0.778 

580 V 410.5 V 0.707 

610 V 414 V 0.678 
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Fig. 4. During voltage sags condition the following waveform: (a) input voltage; (b) output voltage 
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Fig. 5. During voltage surge condition following waveforms (a) input voltage (b) output voltage 

 

Real-time HIL simulation waveforms are captured in DSO at fixed-time step 10 µs during 

supply voltage variation. Fig. 6 and Fig. 7 have shown the nature of output voltage during 

voltage sag and surge respectively. For a wide variation of input voltage, the output voltage is 

approximately constant around 400 V rms during both voltage sag and surge conditions. 

During the sudden change in input voltage, the output voltage and settling time of the system 

is effectively less due to an appropriate PID controller coefficient selection. The controller 

provides constant and smooth output voltage during supply voltage variations. 

 

 

5. Conclusions 
 

This paper presents modeling and reliability analysis of a three phase z-source ac-ac con-

verter. Modeling of the three phase z-source converter is done using the small signal analysis 

in a state space averaging technique. 
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Fig. 6. HIL simulation waveforms (in reduced scale) during voltage sags condition:  

channel 1-input voltage; channel 2-output voltage of z-source ac-ac converter  

 

 

Fig. 7. HIL simulation waveforms (in reduced scale) during voltage surge condition:  

channel 1-input voltage; channel 2-output voltage of z-source ac-ac converter  

 

Three phase z-source ac-ac converter based system acts as a novel solid state transformer 

with controllable transformation ratio. A control transfer function is derived with the help of 

small signal analysis. The closed loop control system with a PID controller provided steady 

state output voltage during voltage sag and surge. The output voltage of the converter is 

almost unaffected and remains constant during supply voltage variation. The real-time HIL 

and offline simulation results verify the theoretical concept and performance of the z-source 

converter system. Z-source ac-ac converter has constant output voltage during voltage fluctu-

ations. The real-time HIL testing reduces development and design cost before implementation 

in real field. The reliability analysis of the z-source converter system and individual compo-

nents are calculated. The failure rate and mean time to failures are calculated for a three phase 

converter system and individual component. The reliability-based design increases efficiency, 

accuracy and robustness of the system for wide applications. 
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