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any additional DC/DC converter. This paper provides an illustration of the use and management of ZSC for large-scale wind turbines with energy
storage systems. Depending on the operating circumstances and the battery state-of-charge, qZSl is regulated using a Z-Space Vector Modulation
(ZSVM) approach to accomplish maximum power point tracking in the wind turbine, reactive power regulation, and battery charge/discharge.
This article provides the modelling and analysis of ac small signals for continuous-conduction mode z source converters (ZSCs. Computer
simulation results are utilized to validate the small signal modelling approach after deriving the AC small signal model of ZSC. The ac small signal
models are applied in a variety of ways to ZSC design and experimentally verified. Subsequently, a list of expanded MC topologies, including
three-level and hybrid MCs, is provided. Three-phase ac-ac buck-type chopper circuits are then explored as a specific instance of matrix converters
(MCs). With this, a basis of better values for each of the converter topologies is generated. The performance analysis is examined in light of
parasite resistance, and theoretic computation is used to optimize the system parameter design. This study delivers a thorough evaluation of
significant topological advancements in MCIS networks and offers a detailed comparison of key elements.

Topologies
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phase AC to AC Z-source converter simulation work has been
completed, and the outcomes are mathematically confirmed. The
converter has various restrictions, such as a maximum boost factor
of 1.15. With twelve bidirectional switches in an upgraded
topology, this restriction is removed. Although better topology

INTRODUCTION

There is a focus on finding a way to create a more effective buck-
boost converter that can transfer AC to AC directly with the least
amount of componentry as power converter research expands.

Impedance source converter is the idea employed for this.
Compared to conventional converters like voltage source (V-
source), current source (I-source), and push-pull converters, a Z-
source network has the ability to function in shoot-through
condition, which helps to increase the output voltage.! The three
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requires twice as many switches, the maximum boost factor is still
quite high (in our case boost factor obtained is 1.8).2 The two
converters are thoroughly analysed and contrasted in the thesis
work. By using simulation and analytical findings, the voltage sag
and swell capabilities of both converters are confirmed.

For both converters’ mathematical modelling, state space
averaging is used. The concept of single-phase Z-source PWM ac-
ac converters (ZSC) was introduced in and offers the following
advantages: the output voltage may be boosted or bucked, and it
can also be in phase or out of phase with the input
voltage. however, have several serious shortcomings.®
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e The ground between the input and output voltages is not the
same.

e A discontinuous current mode is used to operate the input
current (DCM).

e Each switch needs an external loss snubber circuit to reduce
voltage spikes and offer commutation channels during dead
time.

Figure. 1 depicts the single-phase trans-Z-source ac-ac converter
that is suggested in this work. It has a single inductor L, a connected
inductor with two windings (L1, L2), two capacitors (C1, C2), three
bidirectional switches (S1, S2, and S3), three output filter
capacitors (C1, C2, and C), and a load R. In order to create the
bidirectional switches, two insulated-gate bipolar transistors
(IGBTs) are connected in antiparallel (common back-to-back)’.
The linked inductor (with two windings L1, L2), one inductor L,
and two capacitors C1 and C2 make up the trans-Z-source network,
where N = n2/nl is the coupled inductor's turns ratio.
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Figure 1: Single-phase trans-Z-source ac to ac converter being
proposed

Ac-ac converters with dc-link

The basics of space vector modulation for PWM converters with
a dc-link are briefly covered in this section, along with functional
equivalent circuit layouts. The PWM inverter stage is taken into
account for the V-BBC, whereas the PWM rectifier stage is taken
into account for the C-BBC.2 As a result, the IMC architecture can
be developed by simply coupling the two subsystems together, and
the IMC may be modulated by combining and coordinating the
modulation schemes of the subsystems.

Voltage DC-Link PWM Inverter

Three bridge legs make up the PWM output stage (inverter) of
the V-BBC as seen in Figure. 2, Each performs the role of a switch
by connecting the output to either the positive or the negative dc-
bus, denoted by p and n, respectively.® The output A is linked to p,
the outputs B and C are connected to n, and the switching state of
the inverter is specified by the expression (s1s2s3), where s can be
either p or n.

The quasi-ZSC (g-ZSC), which is a derivation of ZSCs and is
seen in Figure 3 (a), was introduced by to solve issues such
discontinuous input current during boost mode, decreased source
stress, and a more straightforward control method. By
recommending four topologies for each ZSC and @-ZSC,
Specification expanded the applications of ZSCs and g-ZSCs from
dc-ac and ac-ac to DC-DC.Y® For both the dc-ac and ac-ac
converters, the extension to DC-DC was accomplished by passing
the output over a capacitor rather than switch S2, as illustrated in
Figure 3. (b). There were two classes in each of the DC-DC ZSC
and g-ZSC families, and each class had two topologies.
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Figure 2 shows the input dc current (framed) for each inverter
condition together with the space vector representation of the inverter
output voltage (S1 S2 S3).
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Figure 3. (a) & (b) g-ZSC in general DC-DC g-ZSC

We require appropriate dynamic modelling and analysis in order
to create ZSC controllers. It is clear that a precise small signal
model of ZSC is required, one that provides design guidance for
sizing passive components and an understanding of system
constraints while simultaneously offering a complete perspective of
system dynamics. However, only a small number of articles have
so far added to the dynamic modelling and transient analysis
induced by the impedance network that is only found in ZSC.* An
ordinary source dc-ac inverter's ac side is connected to its dc side
in order to create a source dc-dc converter, which is then
investigated. We will expand the ZSC steady state model to take
into account the dynamics that are specifically introduced by the
inductors and capacitors that are present in the circuit. As seen in
Figure. 4, the load z1 and an active switch s2 are connected in
parallel in the simplified circuit.
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Figure. 4 shows the ZSC's simplified equivalent circuit.

The Evolution of Wind Power Technology

Since lead acid batteries are lighter and smaller than other battery
types, researchers have been able to expand their study into using
wind turbines to capture solar energy since Camille Faure's creation
of lead acid batteries in 1881. In the years that followed, eminent
scientists like Professor James Blyth and Charles Brush were able
to construct horizontal axis turbines that could charge up the
available accumulators and illuminate a single home or piece of
property*2. Over 2500 windmills were used to generate 30 MW of
peak power in Denmark in the 1890s, thanks to a huge upsurge in
wind turbine technology. By the end of the first decade of the
1900s, this statistic transformed into each windmill producing
around 25 kKW.

PROPOSED CONTROL ARCHITECTURES

The proposed control algorithms for SST-ZSC and VSC (grid-
side) operation are discussed below.

Power system Operation with SST-ZSC

The suggested controller for the SST-ZSC, as seen in Figure. 5,

P.R. Choube & V.K. Aharwal

offers droop control integrated with FRT support. It includes two

Pl-controlled capabilities that operate in parallel**: | secondary

control, which prevents sub-optimal WECS/MPPT (WT) under

normal conditions due to restricted blade pitch elevation, and (ii)

main control.

Dynamic Voltage Restorer (DVR)

DVR employs two Pl-controlled features (Controls 1 and 2) to
provide optimal active power transfer and ride-through voltage.
Aag/Swell at ZSC's AC-side via real-time tweaking BF. The boost
converter function of the Z-network is enabled by the shoot-through
state gating sequence and is shown by the boosting voltage method
presented.

e  Control 1 adjusts V boost DC based on the referenced active
power and available current level at the SST-ZSC output. It
also offers correction for voltage sag crises, however
exposure to an overvoltage problem during a PMSG
interjection of low current is possible. As a result, Control 2
acts as an overvoltage compensation by lowering V boost DC
to maintain the required amount of DC output from the SST-
ZSC.

e  Control 2 uses an inbuilt windup-based PI controller (with
Reset) to reset state error from overshooting V adjDC.

Vupprey =1 — (BF — 1/2BF)

6
Vbott,e; = —1+ (BF — 1/2BF) ©

1 Vew > Vuppres
ST puise =1 Vi < Vbott,s (7)
0 otherwise
Volt/Watt as a Supporting Role
The Volt/Watt function works in tandem with the DVR as an
additional voltage regulator, using the active power production
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Figure 5. SST-ZSC control architecture for a single cluster of WT and DC collection.

Journal of Integrated Science and Technology

J. Integr. Sci. Technol., 2023, 11(1), 460 3



from the WT to further avoid overvoltage emergencies.*® The blade
pitch control of the WT is tuned to increase pitch angle, which
decreases/increases active power production to support voltage
swell/sag crises, respectively, using (8)-(9) and V adjDC. To
prevent state error saturation on the blade pitching angle, WT,
integral windup is employed.

Cp= Pyr2J23 CPmaz\®
e PARV W wiyr Aopt
. [Cp—1050A—5.6)e 017 ®
Pt = \ —0.011e 017,

With the blade pitched at 0° Betz' Law states that Cpmax is
constrained to < 0.4. WT's performance is therefore limited to OWT
1.0 p.u. and Bpitch < B pitchmax. By injecting/withdrawing active
power from the distribution network, such a solution enables WT
to run in spinning reserve to accommodate voltage violations. As a
result, based on the input wind speed, it restricts WTSs to create the
best active power at the lowest MPPT loss®®. Air density, turbine
blade sweep area, blade radius, and rotor inertia are all represented
by the mathematical symbol’s rho, A, R, and J.”

[ increase, if Voutpe > 1.05p.u.
3 decrease, if Voutpe < 0.95p.u.
B=Cy(B,A)op: otherwise

Volt/Watt =
©

WT Active Power Control

The blade pitch controller is developed with torque feedback
control as part of the V olt / Watt secondary control function in
SST-ZSC, where high torque and low mechanical speed approach
are used to acquire MPPT as shown in Figure. 6. The reference
speed for "maximum® Cp was set at the torque control's suppressed
mechanical speed at PMSG (i.e., 0:6 p.u.<WPMSG<0.8p.u MIN)
with the rated speed set at a speed that was 10% below that during
nominal conditions®’. In order to allow spinning reserve capacity
for voltage ride through support, the cut-out and -in wind speed of
WT will decrease, and the blade pitching angle algorithm in Cp(
B,y) for MPPT is constrained within 70% ( BMIN, B MAX).%®
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ontrol 2: Speed C 115 T '
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Control 3: Voltage Control w/ Reset

Figure 6 WT's torque feedback blade pitching control system.

MATERIALS METHODOLOGY

Ac to ac z-source converter, three phase

Ac to ac three-phase Z-source converters, in contrast to
conventional converters, which use Z-source as a dc link and a
diode end rectifier, perform ac to ac conversion in a single step. The
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impedance network uses three capacitors and three inductors. With
a minimum of parts, it can buck or boost the voltage to a desired
amount. It can guard against voltage surges or sags for the
device.1®20

The Z-source converter may function both with and without
shoot-through. All of the switches used in the circuit operate in both
directions?!. Switches San, Shn, and Scn are supplemented and
gated in accordance with the pulses depicted in figure 7.

: B ! 1
Sap,Sbp,Scp
San Sbn Scn

[
T1
| To ———— |

|—

D=To/T

T
Figure 7: Sequence of Gating Signals

e D stands for duty cycle.
o Duty ratio control allows for adjustment of the output.

These are the two functioning states:
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Figure 8: Non-Shoot-Through State
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Figure 9: Shoot-Through State
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The converter's input line voltages are:
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Figures 8 and 9, respectively, depict the shoot-through and non-
shoot-through states that can exist.? The switches Sap, Sbp, and
Scp are left on while the switches San, Sbn, and Scn are turned off
during non-shoot through time (1-D)T. The switches San, Shn, and
Scn are turned on during shoot-through period DT while the
switches Sap, Sbp, and Scp are left off.

Z-source converter for three phase ac to ac with improved

In terms of design and voltage gain, this architecture is
significantly different from the prior converter mentioned in this
section. This converter has bidirectional switches, an older
converter-style Z-network, and injected capacitors. These injected
capacitors serve as energy storage devices.?*?® These capacitors are
added to the Z-energy network's supply during the shoot-through
condition in order to charge the Z-source inductors. Consequently,
compared to the prior converter, this converter's maximum boost
ratio has been increased.

In this setup, eleven bidirectional switches and one bidirectional
switch with a diode bridge are employed. The duty cycle may be
adjusted to alter the output voltage.

Figure 10: shows the gating signal sequence for this converter.
Figure 11: depicts the converter architecture of the suggested
converter. Additionally, it has two operating modes: shoot-through
mode and non-shoot-through mode. Figures 12: depict the
converter's two operational states, respectively.
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Figure. 10: Gating Order
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Figure 11: Three Phase AC to AC ZSC's improved architecture
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Figure 12: Non-Shoot-Through State

Because the inductors, Z-network capacitors, and injected
capacitors all have the identical inductances and capacitances, the
three phases of the Z-network are symmetrical. The system's power
quality is impacted by the kind of load.?®*” The current drawn by
linear loads is sinusoidal, preventing waveform distortion. Non-
linear loads produce voltage waveform aberrations and current that
is not quite sinusoidal. A perfect sine wave is devoid of harmonics.

Control of the 3-phase ac-ac ZSC in closed loop

To produce constant output voltage during voltage sag or swell,
closed loop control is required, and for that reason, a PID controller
is added as shown in the block diagram below?,

Pid controller: proportional-integral-derivative

A closed loop feedback mechanism called a PID Controller is
extensively utilised in industrial control systems?. This controller
determines the error value as the difference between the measured
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variable and the intended set point. There are three constant
constants at play, P, I, and D.

K, = Proportional Gain 8
K = Integral Gain 9
D « = Derivative Gain 10

The following is a parallel PID representation:

K;  KDS
C_Kp+?+Tf5+1

Where Tf is the temporal constant for a first order derivative
filter.

11

For the three-phase ac to ac ZSC, a closed loop control will be
designed using the PID Controller. In order to regulate any
variations in the input voltage and provide a constant ac output
voltage®, The table shown above, which may be used to simulate
the closed loop, provides an understanding of the gains' behaviour.

Circuit analysis

Gain derivation and state equations derivation are divided into
two categories in this section. For the formulation of the gain and
state equations, circuit analysis was performed using ideal and
actual circuits®, respectively. Two switching modes were used in
the analyses with regard to S1, and S2 was complementarily
switched with respect to S1 to provide the two operation modes
depicted in Figure 13. For modes I and II, the duty ratios are 'D’ and
"1D’, respectively®2. While Vg, lg, RO, and IO are input voltage,
input current, load resistance, and load current respectively, C1, C2,
L1, and L2 are capacitors and inductors with currents IC1, IC2, IL1,
and IL2, and parasitic resistances R1, R2, and r1, respectively.

Gain Derivation

The ideal gain equation for the topology was derived using the
ideal circuit of making the simplifying assumption that the parasitic
resistances R1, R2 and rl, r2 of the capacitors and inductors are
insignificant **, Mode 1: S1 is ON while S2 is OFF in this mode, as

Current controllers fd V

Figure. 14: Control system.
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seen in Figure 13(a). For this mode, the duty ratio is D. Active and
reactive AC-side demand are regarded as reference input signals, as
shown in Figure 14,

Py(t) = SVia(t)ia(t), 1

Qs(t) = —51-"sq(t)fa-(tl- 13

The disparity between a system's input and output in the limit as
time approaches infinity is known as steady-state error (i.e., when
the response has reached the steady state). The steady-state error
will vary depending on the system type and the input type (step,
ramp, etc.)%.

Figure 13. Circuit with parasitic resistances is taken into account
VL1=VO - VClI 12
VL2 =Vg 13

RESULTS AND DISCUSSIONS

3-phase ZSC analysis without a filter

MATLAB software is used to simulate the ZSI system.
Consideration is given to a wind energy conversion system
supplying an RL load. To increase the output of WECS to the
desired level, the Z-network is utilized.

J. Integr. Sci. Technol., 2023, 11(1), 460 6



Table 4.1: 3-phase ZSC open loop values with increasing duty cycle

Input Switching Duty Inducto  Capacito Output THD
voltage(v) =-requency Cycl r r voltage  %oage
(kHz) e pH  pF W)

301 21 0.25 450 10 314.6 191.02
301 21 0.32 450 10 315.6 181.03
301 21 0.35 450 10 318.52 108.28
301 21 0.36 450 10 352.25 107.35

Three phase ZSC

Seriesl Series2 Series3

Series4 Series5 NEENS)

N*/

Input  Switching Duty Cycle Inductor Capacitor Output THD %age
voltage(v)

Figure 15. 3-phase ZSC open loop readings with changing duty cycle
without a filter

Table 4.2: Open Loop readings of a three-phase ZSC without a filter
when the inductance is changed

Input  Switching Duty Inducto Capacito Output THD
voltage(v Frequency Cycl r r voltage %oage
) (kHz)  © pH uF V)
301 21 0.7 450uH 10 314.6 191.02
301 21 0.7 45uH 10 315.6 181.03
301 21 0.7 41pH 10 318.52 108.28
301 21 0.7 20puH 10 352.25 107.35

After a thorough investigation of the 3-phase ZSC without a
filter, we discovered that employing a filter and analysing the
behaviour with it is necessary to stabilise the waveform, or to make
it sinusoidal. Additionally, the thorough evaluation of 3-phase ZSC
with filter is provided.

Results of a three-phase ac to ac ZSC simulation

Figure 17. Displays the three-phase input voltage with a root
mean square value of 300V. The following figure shows the peak
voltage curve.

The output voltage with impedance network values of 500 H and
10 F, 20 kHz switching rate, and 0.38 duty cycle without the need
of afilter. It is evident from Figure 18.'s FFT analysis of the output
voltage without a filter that the THD is an unfavourable 193.90
percent. Consequently, the circuit needs a filter to be added.
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open loop regarding three phase

— =

uH 450uH 45pH 41pH 20pH
0.7 0.7 0.7 0.7
Frequency  (kHz) 21 21 21 21

301 301 301 301

Capacitor Output es===THD %age
Figure 16. Variable Inductance Open Loop Readings of the 3-phase

ZSC without a Filter

v)

Figure 17: Three phase Balanced Input voltage
I Fundamental (50Hz) = 324.9, THD= 193.90%

40

[
=

Mag (% of Fundamental)

% 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz)

Figure 18: Analysis of the output voltage without a filter's Total

Harmonic Distortion (THD)

CONCLUSIONS AND FUTURE SCOPE

In conclusion, A ZSC small signal model that can be connected
to the AC grid, and each parameter impact on the system behaviour.
Although we now know more about controlling WTs than we did a
few years ago, there is still plenty to learn. As a result, this paper
concentrates on examining the control of WTs in the open literature
to determine what areas of future R&D should be taken into account
in order to motivate both business and academics to seek
advancements in creating more effective WTs. The literature is
evaluated for this purpose, and after that, several questionnaires are
sent to industry experts to complete in accordance with the issue's
importance. Here, a practical overview is given to explain and look
at the concerns that should be prioritised to produce better and more
effective WTs. Some popular controllers and contemporary
examples are discussed in the current article. Power electronic-
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based devices such DGs, dynamic reaction of the frequency
converter and voltage stability is undoubtedly crucial. Then again
important benefits of ZSC that are highlighted in it also features a
quicker and smoother dynamic than earlier efforts. Lower order
harmonics at the AC port in response and, in contrast, the capacity
to reduce the short circuit current designers with VSC that serve as
important criterion. Engineering professionals choose the best
converter. This converter's stability margin is decent acceptable.
Consequently, it can be a suitable alternative for future high-power
applications.

A buck-boost converter may be created using a three-phase ac
to ac Z-source converter.

Three phase ac to ac converters with two different topologies
have been compared. The better topology solves the drawback
of the earlier one, which was that it could only increase voltage
by a maximum of 15%.

The equipment can be protected against voltage swell and sag
by either converter, but the upgraded topology has better
capabilities.

Both input voltage fluctuation and load variation are handled by
the closed loop controller.

Simulation analysis shows that the converter's filter has an
effect on the magnitude of the voltage.
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