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The presented paper analyzes the detailed design of a trans Z-source inverter
(ZSI) with an input from solar photovoltaic (SPV) system. Increase in SPV
uses requires highly efficient SPV enabled inverters under varying weather
parameters are in high demand in modern smart grid applications. The SPV-
trans ZSI has high conversion efficiency because of the single-stage voltage
boost conversion capability. In contradiction, the conventional voltage
source inverter (VSI) requires an additional step-up transformer to boost the
output voltage of inverter. This reduces the efficiency by increasing the
volume of set up and also increase the cost of the system. In the proposed
SPV system it provides a better output against VVSI. The increase in inverter
output voltage is because of shoot through time period present in ZSI. It also
reduces the voltage stress and harmonics content as compared to VSI. The
proposed model has been validated through MATLAB simulation.
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1. INTRODUCTION

These days, it is noticed that renewable energy resources like solar energy and power from wind
energy have been extensively find its application in energy to mitigate the ever increase in demand of the clean
and green electrical energy. Again from the literature studies it can be found that solar photovoltaic (SPV)
system drags the attention of global researcher’s to meet the present energy requirement. In case of SPV
generating system, inverter represents an important part. In traditional conversion system, in order to increase
the voltage level DC-DC boost converter or transformer is generally used. This in turn increases the power
losses present in the inverter and also increases the overall cost of system. Increase in conversion stage reduce
the efficiency of the system.

A remarkable voltage step change for a single-stage conversion can be possible through a Z-source
inverter (ZSI), where a high impedance network is used before the voltage source inverter (VSI) circuit. Again
from the literature survey many topologies in this field can be found. A modified efficient boost, low cost and a
low voltage loss for impedance source inverter was analyzed. A detailed derivation and analysis of ZSI under
the quasi-Z-source inverter (g-ZSI), representing different configurations, while retaining the operating principle
was discussed at ref [1], [2]. The advantages present in g-ZSI against ZSI is of low device rating, filtering
capacitor less, less ripples in switching interval and maintains an constant DC ripple free input current to the
inverter circuit from SPV [3], [4].
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A typical electric vehicle (EV) consists of motors, battery, battery management system, DC to DC
converter and DC to AC converter supporting components to transmit the power from battery to the electric
motors. Parameter seizing in an electrical vehicle is the most important task because of the use of power
electronic components and switches which requires precise operation of frequency for smooth and continuous
operation. Again from the operation and control point of view are synchronous motor or induction motor is
basically used in EV application which will also reduce the overall cost of the EV. The typical operation
features that include in induction motor are speed control over a wide range of variation can be achieved with
minimum time, DC to AC converter design it's simple and robust which leads to less maintenance cost [5], [6].

A typical induction motor requires high starting torque and large amount of power is required at the
initial stage. During hill climbing the torque requirement for the induction motor to drive is very high which
leads to increase in power density, this sometimes requires fast torque response during emergency braking
operation. Therefore regenerative braking with high efficiency in conversion ratio is a required parameter for
successful operation of the EV induction motor [7], [8].

Battery power EV are the most prominent and advanced architecture for powering the induction motor
in the EV. This requires a conversion of DC to DC and from DC to AC before applying to the induction motor.
The variation in the EV speed during acceleration and retardation leads to the variation in the current drawn
from the converter [9]-[11]. This also increases the switching stress on the different power electronic
components and thereby affecting the battery discharge rate. With the advancement in the inverter circuit a
number of research is going on regarding reduction of switching stress during acceleration and retardation
situation. It is understood that from the literature survey, ZSI can be utilised because of some technical
advantages as well as reduction in the number of conversion stages [12]-[14].

This paper presents a detailed analysis of different types of Z source converter and their applications in
the EV for power transmission from battery to the induction motor drive. A new topology for ZSI has been
presented under section 3 along with its block diagram and control method. The validation of the system has been
carried out with MATLAB/Simulink model along with experimental analysis for a 5 KW induction motor. It is
observed that the proposed model not only increases the efficiency of the EV but also reduces the overall cost in
terms of switching stress and its components in use. Due to one stage conversion of the system the overall
efficiency of the inverter is also increased along with easy implementation in its control algorithm [15], [16].

2. Z-SOURCE INVERTER IN AUTOMOTIVE APPLICATION
2.1. Quasi-Z-source inverter

In multilevel inverter, with increase in switching frequency, the switching losses also increases and
hence the total loss present in multilevel inverter can be treated as a function of switching frequency. According
to the literature survey as presented under section 1, the switching loss can be reduced by two methods, such as
zero current switching or zero voltage switching and selective harmonics elimination by using space vector
pulse width modulation (PWM). In this section g-ZSI with dual input is received from battery and SPV has been
model to fed two different ac loads in the EV application. In order to strategies the concept, multilevel inverter
has been considered over here [17], [18].

In this paper an extended version of g-ZSI as shown in Figure 1 with two source, 9 switches and
bidirectional switches between the source and the load has been designed. The basic architecture of the stated
model has been shown in Figure 1 and Figure 2. In Figure 1 continuous current conduction mode with two
voltage sources has been presented whereas in Figure 2 discontinuous current conduction mode with voltage fed
source has been presented. The stated g-ZSI can provide the buck boost operation while transforming input to
output [19], [20]. In order to improve the efficiency by reducing the switching losses at higher switching
frequency is the primary requirement for EV applications. Here sinusoidal PWM has been applied by
considering the concept of no switching zone of 60 degree when the load is at the peak of voltage and
fundamental current [21].

In continuation to the about control strategy, the control scheme consisting of a combination of two
sine waves and two triangular wave has been used on per basis for 9 different switches in a synchronize manner.
As a practice of the PWM generation techniques top a triangular wave need to be compared with open sine
wave and that's off the lower triangular wave needs to be compared with lower sine wave. In the g-ZSlI, three
different modes of conduction can be achieved by arranging the frequency content of sinusoidal waveform viz -
a viz the shoot through mode can be achieved by maintaining a frequency of sinusoidal envelope at three times
as compared to the modulating sinusoidal signal. The shoot through mode can be applied if the upper triangular
wave is less the lower sinusoidal wave. Depending upon the above condition S1 and S7 can be turned on. In
order to achieve a proper three phase voltage at the output of load 1, the XOR pulse of S1 and S7 has been
applied to S4 [22], [23].
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Figure 1. g-ZSI connected to critical load and non-critical load

In contradiction S10 and S13 will be the NOR signal of the signal that is applied to S1 and S7. During the
shoot through state S1 to S9 are closed making the multilevel inverter full dead short circuit. As part of the g-ZSl,
S10 to S15 are made open for generating the voltage across the capacitor [24], [25]. The state space model for the
g-ZSlI can be analysed considering three modes of operation such as active voltage mode, shoot through mode and
zero voltage mode for capacitor voltage, load current and inductance current can be presented as follows:
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Figure 2. g-ZSI connected to critical load and non-critical load (a) non-shoot through mode and (b) shoot
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2.2. Embedded Z-source inverter

In shoot through mode the sudden flow of current will increase the power interruption. This also
induces power interruptions if the input supply is from SPV. This jumping of current from one state to another
state during shoot through mode increase the control complexity and thereby increase the system burden. The
increase in complexity is due the high frequency operation of switches and flow of current through the diode. In
ZS| the effect can be minimised by placing a inductors and capacitors (LC) filter before the diode. However, the
introduction of additional filter at the input side not only increases the complexity but also increases the cost of
the system. Presence of LC filter at the input of ZSI will change the dynamics and also introduces resonance at
the fundamental frequency [26].

In order to avoid the above issue embedded ZSI has been developed where implicit source filtering at
centre frequency can be achieved closely retain the property of ZSI. As a matter of implicit design, it produces
turn output with smaller ripple of input voltage and current. Figure 3 represents embedded ZSI, where the
analysis can be carried out by assuming the ideality of the all elements and ignoring the dead time present in the
pulses. In addition two statement, high capacitance value is considered for the input circuit. Three operating
modes based on the shoot through duty cycle of the inverter has been considered.
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Figure 3. Embedded ZSI [24]
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In the first operating condition the time interval for on condition is 0 < t < 0.5Dg; at that off the off
time period is from 0.5 Ty < t < 0.5(1 + Dg;)T,. Under this mode of operation the two diodes D, and Dy as
shown in figure, the voltage across the two diodes is -V.¢. By applying Kirchoff’s voltage laws (KVL)
Vi=Vc+Vi. As the switches of the inverter are turned on, the inverter output voltage will change to zero
voltage. The second operating mode occurs during the time interval of 0.5 Dg; Ty <t < 0.5(1 + Dgp)Ts.
Here the capacitor current can be found out my applying KCL. Therefore, the capital current Ic=li+lg.
Similarly, by applying KVL at the inductor voltage becomes V=Vi-V.. As soon as diode Dy becomes
forward biased the DC link voltage stood at Vgemax=Ve. Similarly the load voltage Vo=Vdcmax.

The third operating mode will work between the time in interval of 0.5 (1 —Dg;) T, <t < Ty. In
this mode voltage across the capacitor and that of stored energy will increase. Because of the negative
voltage add inductor the stored energy and the current will decrease gradually the value of load voltage
becomes Vo = —Vdcmax.

2.3. Embedded quasi-Z-source inverter

Unlike embedded ZSI, the embedded g-ZSI maintains smaller amount of people for both input
current and voltage. In addition to the above advantages, it also makes the input current continuous. Without
adding extra element to the input source it is able to draw smooth current from the source without adding
other components. As compared to classical g-ZSI, here an extra source is embedded into the system. The
basic concept of embedding the DC source will provided the advantages to both g-ZSI as well as embedded
topologies. Two modes of operation is possible such as non shoot through state and shoot through state.

Figure 4 shows the embedded g-ZSI under shoot through mode. As observed, the capacitor voltage
will be charged to its maximum limit through coupling inductor L; and L. During this mode of operation,
S1—Se will be turned off mode. Similarly, the non-shoot through mode is shown at Figure 5 where the energy
stored at capacitor will be discharged to the output circuit. As shown in Table 1 the voltage stress on the
switches of trans-ZSI (T-ZSI) will be high. Again, the boost factor in all the z-source network topology
except trans-z-source is less.
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Figure 4. Embedded g-ZSI under shoot through Figure 5. Embedded g-ZSI under non-shoot through
mode mode
Table 1. Comparative analysis of different Z topology network
Z topology network Boost factor (B) SW|t9h|ng Capacitors Inductor used Voltagg stress on
devices used switches
Z-source 1_120 where 0 < D < 0.5 1 2 2 1_12D vin
Quasi Z-source 1_12’7 where 0 < D < 0.5 1 2 2 1_120 vin
Embedded Z-source 1-129 where 0 < D < 0.5 1 2 2 1_120 vin
Embedded quasi Z- - 12D where0 < D < 0.5 1 2 2 - 12D (v1+v2)
source - -
Trans Z-source —L _where0<D<(n+1)7t 1 1 Two winding — " vin
1-(n+1)D are added 1-n-nb

3. PROPOSED Z-SOURCE INVERTER APPLICATIONS

In conventional VSI, the inverter output voltage that is from line to line cannot be more than the DC
link voltage. In a hybrid EV where the source has been taken from both solar and battery, it is observed that
the DC link voltage cannot be made constant throughout the operation. This further requires a DC to DC
boost converter in order to boost the DC link voltage so as to maintain the required output at inverter
terminal. This methodology increases the complexity of the overall system at the same time reduces the
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efficiency and also reliability. Again in the conventional VSI two legs cannot be sorted at the same time of its
operation. In order to have a safety operation in the inverter topology, a dead time of 10 microsecond is
usually applied in between the two switches of a leg. This leads to increase in the harmonics at the output of
the inverter, which for the required for an LC filter to bring down the harmonics into the normal range. A
typical ZSI with modification in the control strategy can be used to avoid such type of problem in the VSI. In
the proposed model, the ZSI can do the the boost and buck operation in a single stage conversion structure.
The dead time is no more required in the proposed ZSI at the same time the output waveforms become more
sinusoidal with less electromagnetic interference.

Figure 6 shows the inverter technology with neural network (NN) and battery powered induction
motor. In order to achieve firing angle control for different switches feedback loop has been established by
tracking the speed of induction motor through offline mode controller. The offline mode of controller
consists of four stage conversion of vector distribution and function order estimation. Two dynamic variables
such as DC voltage and capacitor voltage (DC link) has been given as feedback to the function order value
and vector order distribution parameter. In order to generate six pulse firing pattern the univariate basis
function has been transferred into a multivariate basis function. The speed adjustment has been carried out by
using network with function. The network function can be a variable predefined with threshold limit.

The output of the offline mode is transferred into a online mode NN where the learning rate as a
function of the six switching patterns prepares the learning rule for each model. This learning rule will
calculate the network layer along with individual basis function in terms of proportional and integral constant
for the PWM converter. The PWM converter upon reading the DC link reference voltage will generate
individual gating sequence for six switches. The acceleration and retardation operation of the induction motor
will be made proportional to the switching sequence to the converter. The two different mode of operation of
the inverter such as shoot through mode and non-shoot shoot through mode can be easily achieve with
dynamic behavior of NN is predicting PWM gating sequence.
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Figure 6. Inverter technology with NN and a battery powered EV

4. RESULTS AND DISCUSSION
In order to investigate the performance of different types of inverter technology with NN and a battery
powered EV has been modelled with T-ZSI as shown in Figure 6. Figure 7 shows a detailed hardware setup,
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induction motor drive with T-ZSI. Here the induction motor has been taken as a critical load for harmonic
investigation and its analysis. The detailed technical parameters of the induction motor and induction motor
drive is shown in Tables 2 and 3 respectively.

A MATLAB/Simulink model has been developed with details parameters as shown in Tables 2 and 3
respectively. In order to investigate the robustness of the EV in terms of supplied current and voltage quality an
unit step function analysis has also been carried out to T-ZSI through hardware testing. Figure 8(a) represents
the DC link capacitor reference voltage maintained at the input of T-ZSI for induction motor drive. Here an
average of 250 V has been maintained. The same voltage has also been maintained through the hardware
model as shown in Figure 8(b). Here a ripple content of 10% found both in hardware and software. The
inverter output voltage was found to be 220 V in MATLAB/Simulink model. However, the same voltage has
been observed through the T-ZSI at its output with a magnitude of 228 V. Figures 9(a) and (b) represents
both simulations and hardware results of inverter.

Table 2. MATLAB/Simulink induction motor parameter

Sl. No Parameter Rating Remarks
1 Power 186 V-A
2 Voltage (Vrws) 110 \%

3 Frequency 60 Hz
4 Main winding stator resistance 2.02 Q

5 Leakage inductance 7.4%10°% Henry
6 Mutual inductance 0,1772 Henry
7 Auxiliary winding stator resistance 7.14 Q

8 Leakage inductance 8.5%10°% Henry
9 Turns ratio 1.18

10 Main winding rotor resistance 4,12 Q
11 Leakage inductance 5.6%10°% Henry
12 Inertia 0.0146 Kg-m?
13 Friction 0

14 Pole pair 2

Table 3. MATLAB/Simulink induction motor drive parameter

Sl. No Parameter Rating Remarks

1 Snubber circuit resistance 10,000 Q

2 Capacitance 20 n-F

3 Diode on state voltage drop 0.8 \Y

4 Diode on state resistance 1*10°® Q

5 DC bus capacitor 39*10* F

6 Breaking chopper resistance 8 Q

7 Chopper frequency 4 K-Hz
8 Acceleration voltage 310 \%

9 Shift down voltage 300 \Y

Figure 7. Detailed hardware setup, induction motor drive with T-ZSI
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Figure 8. DC reference voltage; (a) DC link capacitance voltage through MATLAB/Simulink and (b) DC link
capacitor voltage taken from hardware set up
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Figure 9. Voltage and current waveform captured using; (a) MATLAB at the input of induction motor and (b)
hardware set up at the input of induction motor

A detail total harmonic distortion (THD) comparison of both the hardware and software result is
shown in Figure 10. As noticed at Figure 10(a) a total THD of 12.16 Hz is present over one cycle of voltage
signal and that off Figure 10(b) the hardware result, despite a THD level of 13.07 Hz. This shows that T-ZSI
can achieve more robustness in terms of supplying current and voltage by maintaining required DC link
voltage to the induction motor drive circuit without creating much heating effect for the battery. Figure 11
shows the electromagnetic torque developed inside the induction motor.

The DC ripple present in the electromagnetic torque is due to the presence of THD. The
electromagnetic torque shows an initial oscillation of magnitude 4 N-m for 0.1 seconds, this is because of the
inverter switching action. At about 0.22 seconds a peak has been observed because of closing of the circuit
breaker. At about 0.45 seconds the circuit breaker turned off for one voltage source. Hence the complexity of
waveform is minimized. Figure 12 shows the main current and auxiliary current of the induction motor. It is
observed that auxiliary current is lagging the main current at an angle of 0.3 radians.

Figure 13 shows the step response analysis of the current controller used in the experimental setup
for verifying the robustness of the Pl controller. Figure 13(a) represents the MATLAB/Simulink step
response of the controller. From Figure 13(b), it is observed that a maximum overshoot of 47.82% with
risetime of 0.07 sec. having a settling time of 1.07 sec Here it can be concluded that, there is an error of 6%
(almost) present in the simulation and the actual results.

Figure 14 shows the triggering sequence for the insulated gate bipolar transistor (IGBT) switch. It is
observed that gating sequence follow the NN project sequence patter with a delay of 0.03 micro sec.
Similarly Figure 15 represents the transits response of the current controller used in the PWM switching
patter generation. A transient time at 0.3 seconds, represents deacceleration of induction motor. It takes
almost 0.68 seconds to stabiles the current drawn from the inverter.

Bulletin of Electr Eng & Inf, Vol. 12, No. 3, June 2023; 1783-1796



Bulletin of Electr Eng & Inf ISSN: 2302-9285 g 1791

Fundamental (60Hz) = 5.922 , THD=5.09% Tek g Pos: 250.0Hz Measure 1

Source
0 | MATH

i
i
E M#
gar 1
2 Walue
T? 15 1
2k il i
| |
N I 1
°l Back
" " ; CH1 10.0dB 50.0Hz C1.00KS/ 52 Flatton
100 200 300 400 500 600 00 800 0o 000
Frequency (Hz) 25-hug-22 0353
(a) (b)

Figure 10. THD analysis using; (a) MATLAB/Simulink and (b) hardware set up
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Figure 12. Main current and auxiliary current waveform of the induction motor

Figure 16 shows the NN regression analysis for 70% of training data set (Figure 16(a)) and that of
30% analysis of testing set (Figure 16(b)). A compression between the two training and testing, the R value is
0.33016. This shows that the error between the two algorithms is almost zero, which depicts that both the
algorithm is robust. Figures 17 and 18, represents the training performance and the validation check at each
epoch. It is observed that for Figure 18(a), the gradient distribution is initially a smooth step function whereas
after 80 epochs a large variation has been observed, this is due to acceleration and retardation of induction
motor. All the validation check are factor with zero passing argument for all 172 epochs as presented at
Figure 18(b). Similarly, the gradient distribution is almost 35090.3559 at each 172 epochs.
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Figure 16. NN-regression analysis for; (a) training set and (b) testing set
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Figure 18. Training performance under neural model analysis (a) gradient analysis and (b) validation check

5. CONCLUSION

The paper presents a detailed analysis of different types of ZSI. Application of T-ZSI to the EV has
been modelled using MATLAB/Simulink software and the corresponding hardware model has also been
developed and verified. The experimental setup (hardware) has been tested for its robustness in terms of two
parameters such as: i) a step input response to the current controller and ii) THD along with DC-link
capacitor voltage. The result and the experimental analysis present under section four depicts that during
acceleration the T-ZSI is providing the required amount of current within 34.67 micro seconds while during
retardation process it took approximately 0.03 seconds to stabilize the controller so as to generate the
necessary gating sequence for electric motor drive, here referred as induction motor.

The use of NN shows that the induction motor can be well controlled in terms speed and torque by
creating multi-dimensional diverse function. It is also notices that the use of NN helps in reducing the THD
contribution at the output of the inverter. The shoot through and non-shoot through mode of operation using
the NN becomes easier. However, the present research paper does not contribute to the direct torque control
of induction motor. This method can be realized in future for achieving independent motor control action in a
four motor drive EV system.
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