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Abstract— This paper presents a hybrid method of active power
and reactive power control strategy with Quasi Z-source inverter
(QZS]I) in single phase grid connected photovoltaic (PV) systems.
The maximum power from the PV panel is extracted and most of
it is supplied as active power to the grid. The major portion of
required reactive power exchange to the grid is done by means of
thyristor switched capacitor (TSC) and thyristor switched reactor
(TSR) to improve the generation capacity of the PV system. In the
proposed topology inverter shares the minimum reactive power
and large change in reactive power will be delivered/absorbed by
the TSC-TSR to get smoother operation in reactive power control.
The DC voltage controller and the AC current controller is
discussed in brief. The mathematical analysis for grid
synchronization method is presented in detail. The control
algorithm for active power and reactive power is analyzed and
discussed in the paper. The simulation results are shown for
validating the proposed concept.

Keywords—Solar PV, Quasi Impedance source inverters,
Thyristor Switched Capacitor (TSC), Thyristor Switched Reactor
(TSR).

1. INTRODUCTION

Distributed generators (DG), like fuel cell, wind, tidal,
geothermal and solar photovoltaic (PV) are integrated to the
utility grid. The trend of supplying reactive power to the utility
grid has started. These DG’s having the capability of supplying
the reactive power to the grid will reduce the burden on central
generation systems and also helps in grid voltage balancing [1-
4]. Supporting injection or absorption of reactive power or grid
voltage regulation by the distributed generators are not
currently permitted by the IEEE 1547-2003 grid
synchronization standards [5], future generation utility grid
codes for DG’s will amend the present codes to fulfill the
required needs including reactive power control to support grid
voltage [6]. This will result in the ability of grid tied inverters
to incorporate reactive power compensation, which will drive
compliance with next generation grid requirements.

Shunt compensation of reactive power gained boom in late
1960’s, then development of thyristor led the power engineers
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to perform intelligent control of switched capacitors in 1970’s,
later combination of Thyristor switched capacitors (TSC),
Thyristor switched reactors (TSR) and Thyristor controlled
reactors (TCR) were used for providing variable reactive
power. Here combination of TSCs and TSRs will provide no
harmonics generation, low inrush transients and maximum of
one half cycle delay but stepwise control for single phase
systems [7-8]. However, use of TCR will lead to harmonics
generation but it was advantageous because of smoother
operation. Irrespective of the reactive power demand, smoother
operation can be achieved by combination of TSC and TCR, as
the capacitor banks (TSCs) connected in parallel configuration
provide step change in reactive power and a single reactor
(TCR’s) with firing angle control operation will give
continuous reactive power. But this static compensation
method generates small amount of harmonics, which can be
removed by adding filters [9-15].

The maximum power generated by the Photo Voltaic array
should be fed to the power grid. In order to perform this, power
generated by the PV array should be synchronized with the
power grid. This requires design of a converter that will
achieve synchronization even with disturbance on the grid
(because of lesser or over reactive power and more distributed
power generating systems). The design is challenging because
the ac output of the converter should satisfy the conditions for
grid synchronization (the two generators must have equal line
voltage magnitude, frequency and phase) and must be able to
supply or absorb reactive power. This is more challenging
because of variable dc voltage generated from PV array [16].
Recently, Quasi Z Source Inverter is one such inverter in which
the dc voltage generated by PV array is boosted using Quasi Z
Source network and then inverted to ac voltage [17]. The
unique feature of boosting the dc voltage and presence of the
reactive components in the QUASI network helps in getting a
higher ac rms output voltage and precise reactive power control
compared to conventional converters [16-18].

The present day inverters connected to grid will control the
active power and reactive power but supplying or absorption of
reactive power will lead to loss of great portion of the real
power [19]. Continuous growth in DG’s is leading to voltage



and frequency variations during overload and light load
conditions. Hence the DG’s themselves have to generate or
absorb the reactive power to control the fluctuations [20-24].
The main idea of this topology is to deliver the maximum
power to the grid even under the disturbance condition without
reducing active power supply to certain percentage and
managing required reactive power for smoother operation.

II. PROPOSED INVERTER TOPOLOGY
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Fig. 1 — Proposed topology showing Quasi Impedance Source Inverter,
TSC-TSR

Synchronization of power generated by the PV array to the grid
is achieved using qZSI. To accomplish this, one need to control
the magnitude and phase of the current injected by the
converter into the grid. This requires the control of output
voltage of the qZS Inverter. The output voltage magnitude

should be controlled whereas frequency and phase should be
same as that of the grid voltage. When synchronized with the
grid, the converter will supply active power and exchange
reactive power with the grid. Say if power factor is low, then a
significant part of the power generated will be fed as reactive
power to the grid. To minimize this and to maximize active
power transfer to the grid, the power factor should be unity
which is an ideal case [25-26]. This can be achieved by
implementing a system in which qZSI only supplies active
power to the grid. The reactive power demand will be met by
thyristor based elements like TSC-TSR. The stepped response
of TSC-TSR can be eliminated by exchanging the reactive
power via qZSI (equal to half of step size of least rated
thyristor based element. For example, if least rating of TSC is
100VAR then the amount of reactive power exchange from
qZSI will be 50VAR). It means that qZSI will supply mostly
active power to the grid and a minor part of reactive power
whereas the major part of reactive power will be managed by
TSC-TSR. Thus, the proposed topology is a combination of
qZSI connected to PV array integrated with TSC-TSR.

It is well known that the output of the converter consists of
pulses (having magnitude equal to dc bus voltage) of varying
width according to sinusoidal signal of reference signal. The
converter output will have a frequency same as reference
signal. The magnitude of these pulses are not same as grid
voltage at every instant [27]. This will allow an inrush current
to flow into the converter because of instantaneous voltage
difference. A filter is added at the converter output to prevent
this. An inductor is connected as a filter between the converter
and the grid.
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Fig. 2 — Control Algorithm for DC Bus Control and Converter Current control
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III. PROPOSEC CONTROL ALGORITHM

The control algorithm for controlling dc bus voltage and
converter current of qZSI is as shown in Fig. 2.

a) DC Bus Control

DC bus control here is different compared to conventional
converters wherein control of voltage across a capacitor is
required. Here the challenge is to control the virtual dc bus
Vi as shown in the Fig. 1. The voltage measured at that
point will be sum as of voltage across capacitors C; and C..
The current flowing through the inductor i, can be defined
as:

VC‘Z - VCIC‘ (l)

Rys + 8L

For controlling this current i,, the voltage across the
capacitor C, should be controlled. However, it is known
that the voltage s V., and V, can be described as a function
of dc bus V. and shoot through duty ration D.

Based on this theory the control algorithm is developed, this
loop senses actual V. and compares it with the reference dc
link voltage. This error is passed through PI controller to
give ip, reference. It is compared with actual i, and error is
processed with PI controller to yield the shoot through
factor D. Then 1-D and D-1 are compared with carrier wave
to give boosting pulses.

ipa (5') =

b) Pulses generation for TSC TSR

For a given reactive power demand, comparison is done to
generate pulses for TSC-TSR. The control diagram is as
shown in Fig. 3. The remaining reactive power demand is
converted into a current reference. This value is multiplied
with Coswt. This forms the reactive current component of
the converter current reference.

Switching in and out of TSC-TSR should not create any
voltage and current transients. So that, the TSC is switched
in and out at the negative and positive peak value of the
input voltage to avoid current transients, a small reactor is
placed in series with the capacitor to avoid inrush current.
The TSR have to switch in and out at the zero crossing of
the currents to avoid transients [7].

C) Converter Current Control

Given active power demand is converted into a current
which is multiplied with Sin (wt). This current is added with
reactive component of converter current to give converter
current reference. This current reference is compared with
actual converter current. The error generated is passed
through PI controller to give control voltage. This is added
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Fig.3 — Generation of pulses for TSC TSR and current reference generation

with compensation of inductor voltage drop and grid voltage
to give voltage reference for inverter. This reference is
divided with sensed dc bus voltage to get modulation signal.
This signal is compared with carrier waves to get the pulses.
OR operation is performed between these pulses and pulses
generated in DC Bus Control loop. The resultant pulses are
used for switching of inverter legs (IGBTSs).

IV. SIMULATION RESULTS

The proposed QZSI with TSC-TSR is simulated using
Matlab/Simulink software. For wvalidating the control
algorithm, one need to make sure that dc bus voltage is
tracked, converter current is controlled and TSR-TSC are
switched according to the demand of reactive power. The
parameters used for the simulation purpose are given in
Table 1:

Table 1 Simulation Parameters

Input DC voltage 220V
Output grid voltage 310Vac(peak)
Grid frequency 50Hz

DC Bus Reference 500V
Output power (Inverter) T60W
Switching frequency 10kHz
L=L 2mH
Ci=C 2000uF
TSR reactor 150mH
TSC capacitor 68uF

DC Bus Voltage Tracking:

To ensure that intended operation is performed, it is
required to control the dc bus voltage at the output of the
quasi Z Source Network. In this simulation, reference of dc
bus voltage is kept at S00V.



The response of the system to reference is as shown in the
Fig. 4. The ellipse marked are the instants of change in the
reactive power reference for qZSI but the dc bus voltage is
maintained at desired value.
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Fig. 4 — DC Bus Voltage Tracking during operation

Active reactive power control:

To validate the proposed concept, the active and reactive
demand should be such that all the possible modes of
operation are observed. The reference for the system is
shown in the figure 5.
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Fig. 5 — Active and Reactive Power per unit Demand for the system. The
below graph gives the contribution of each unit as a function of time
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Fig. 6(a) — Response of the system for the given active and reactive power reference.
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Fig. 6(b) — System Response at t = 2sec
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Fig. 6(c) — System Response form at t =4 sec
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ig. 7(a) — System Transient response with only qZSI on.
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Fig. 7(c) — System Transient response with qZSI and TSC on.

From 0 < t < 1 sec: For this duration, reactive power
reference is zero and active power reference is 0.84pu. The
converter current response is in phase with the grid voltage
and the magnitude of current is 4.2A (peak). The response
of the system is shown in Fig. 7(a). Throughout the entire
operation from 0 <t < 6 sec, the active power supplied is
constant.

From 1 <t <2 sec: For this duration, active power is kept
constant at 0.84pu (same as above). The reactive power
reference is 0.5pu. Reactive Current Component of 2.5A
rms leading is added to 4.2A in phase component. The
resultant current reference is supplied by the converter to the
grid thereby meeting the active and reactive power demand.
The response of the system is shown in Fig. 7(a).

From 2 <t < 3 sec: For this duration, reactive power
reference is changed to -0.5pu. Already converter is
supplying 0.5pu reactive power to the grid. To meet the
remaining reactive power, TSR is turned ON. With this
combination, reactive power from -1pu to -0.5pu can be met
in a stepless and smooth manner. Response of the system is
shown in Fig. 7(b).

From 3 < t < 4 sec: For this duration, reactive power
reference is changed to -1.5pu. In addition to TSR,
converter current reference should be made lagging instead
of lagging. The resultant converter current and the response
of the system is as shown in Fig. 7(b). With this
combination, reactive power demand can be met from -1pu
to -1.5pu.

From 4 < t < 5 sec: For this duration, reactive power
reference is changed to 0.5pu. Here TSR is turned OFF and
TSC is turned ON. The converter current is lagging in
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Fig. 7(b) — System transient response with qZSI and TSR on.
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Fig. 7(d) — System Transient response with qZSI and TSC on.

nature and the resultant reactive power supplied to the grid
is 0.5pu. The response of the system is shown in Fig. 7(c).
With this combination, reactive power demand can be met
from 0.5pu to 1pu.

From 5 <t < 6 sec: For this duration, reactive power
demand is changed to 1.5pu. The converter current
reference is changed to leading with TSC kept ON. With
this combination, reactive power can be supplied from 1pu
to 1.5pu. The response of the system is shown in Fig. 7(d).
With above discussion, it can concluded that converter can
exchange reactive power from -0.5pu to 0.5pu. By
combination with TSC TSR, the reactive power
management can be done from -1.5pu to 1.5pu meanwhile
active power is kept constant at 0.84pu.

V. CONCLUSION

The proposed topology for controlling the active power
and reactive power is successfully implemented. Here the
minimum amount of reactive power is generated from the
inverter by utilizing the active power from the solar panels
and the larger amount of reactive power is generated from
the TSC-TSR. The reactive elements TSC-TSR switching
technique also gives satisfactory performance with no
sudden transients in the system.

Synchronization of PV array via qZSI is successfully
implemented and the converter is controlled for delivering
lagging, leading and in phase current to the grid. DC bus
tracking control algorithm is successfully implemented, this
is critical because rms value of the output voltage of
converter depends on the virtual dc bus at the output of the
quasi Z Source Network. Integration of qZSI with the
thyristor based TSC-TSR is done so that the reactive power



can be controlled in a stepless and smooth manner from -
1.5pu to 1.5pu.

Acknowledgment

This publication was made possible by NPRP-EP grant #
[X-033-2-007] from the Qatar National Research Fund (a
member of Qatar Foundation). The statements made herein
are solely the responsibility of the authors.

(1

(2]

B3]

(4]

(3]

(6]

(71

[8]

91

[10]

(1]

[12]

[13]

[14]
[15]

[1e]

[17]

REFERENCES

K. Turitsyn, P Sulc, S. Backhaus, and M. Chertkov, "Local control of
reactive power by distributed photovoltaic generators," in Smart Grid
Communications (SmartGridComm), 2010 First IEEE Interntional
Conference on, Oct. 2010, pp. 79 - 84.

Xiangdong Zong and P. W. Lehn, "Reactive power control of single
phase grid tied Voltage Sourced Inverters for residential PV
application," [ECON 2012 - 38th Annual Conference on IEEE
Industrial Electronics Society, Montreal, QC, 2012, pp. 696-701.

E. Paal and Z. Tatai, "Grid connected inverters inflence on power
quality of smart grid," in Power Electronics and Motion Control
Conference (EPEIPEMC), 2010 14th Interntional, Sept. 2010, pp. T6-
35 - T6-39.

M. Ettehadi, H. Ghasemi, and S. Vaez-Zadeh, "Reactive power
ranking for dg units in distribution networks," in Enviroment and
Electrical Engineering (EEEIC), 2011 10th Interntional Conference
on, May.20 11 ,pp. 1 -4

"IEEE standard for interconnecting distributed resources with electric
power systems," IEEE Std 1547-2003, pp. 1 - 16, 2003

Fang Zheng Peng and Jih-Sheng Lai, "Dynamic performance and
control of a static VAr generator using cascade multilevel inverters,"
in [EEE Transactions on Industry Applications, vol. 33, no. 3, pp.
748-755, May/Jun 1997.

S. Torseng, "Shunt-connected reactors and capacitors controlled by
thyristors," in IEE Proceedings C - Generation, Transmission and
Distribution, vol. 128, no. 6, pp. 366-373, November 1981

C. Schauder et al., "Development of a +100 MVAr static condenser
for voltage control of transmission systems," in /[EEE Transactions on
Power Delivery, vol. 10, no. 3, pp. 1486-1496, Jul 1995.

J. D. Van Wyk, D. A. Marshall and S. Boshoff, "Simulation and
Experimental Study of a Reactively Loaded PWM Converter as a Fast
Source of Reactive Power," in[EEE Transactions on Industry
Applications, vol. 1A-22, no. 6, pp. 1082-1090, Nov. 1986.

J. Dixon, L. Moran, J. Rodriguez and R. Domke, "Reactive Power
Compensation Technologies: State-of-the-Art Review,"
in Proceedings of the IEEE, vol. 93, no. 12, pp. 2144-2164, Dec.
2005.

C. Hochgraf, R. Lasseter, D. Divan, and T. A. Lipo, "Comparison of
multilevel inverters for static var compensation", Proc. IEEE/IAS
Annu. Meeting, pp. 921-928, 1994

P. Esslinger and R. Witzmann, "Evaluation of reactive power control
concepts for PV inverters in low-voltage grids," Integration of
Renewables into the Distribution Grid, CIRED 2012 Workshop,
Lisbon, 2012, pp. 1-4.

N. Seki, et al., "Which is better at a high power reactive power
compensation system, high PWM frequency or multiple
connection?", Proc. IEEE/IAS Annu. Meeting, pp. 946-953, 1994
Miller, TJ. Reactive Power Control in Electric Systems. 1982: Wiley.
C. Tufon, A. Isemonger, B. Kirby, J. Kueck and Fangxing Li, "A
tariff for reactive power," Power Systems Conference and Exposition,
2009. PSCE '09. IEEE/PES, Seattle, WA, 2009, pp. 1-7.

J. Anderson and F.Z. Peng, "A Class of Quasi-Z-Source
Inverters", Industry Applications Society Annual Meeting, 2008.
1AS'08. IEEE, pp. 1-7

Y. Li, J. Anderson, F. Z. Peng and D. Liu, "Quasi-Z-Source Inverter
for Photovoltaic Power Generation Systems," Applied Power

2999

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25

[26

[27]

Electronics Conference and Exposition, 2009. APEC 2009. Twenty-
Fourth Annual IEEE, Washington, DC, 2009, pp. 918-924

Y. Li, Y. Jiang, J.G. Cintron-Rivera and F.Z. Peng, "Modeling and
Control of Quasi-Z-Source Inverter for Distributed Generation
Applications", Industrial Electronics, IEEE Transactions on, vol. 60,
no. 4, pp. 1532-1541, 2013

W. Sripipat and S. Po-Ngam, "Simplified active power and reactive
power control with MPPT for single-phase grid-connected
photovoltaic inverters," Electrical Engineering/Electronics,
Computer, Telecommunications and Information Technology (ECTI-
CON), 2014 11th International Conference on, Nakhon Ratchasima,
2014, pp. 1-4.

A. Maknouninejad, N. Kutkut, I. Batarseh and Zhihua Qu, "Analysis
and control of PV inverters operating in V?l de at
night," Innovative Smart Grid Technologies (ISGT), 0111 f IEEE
PES, Hilton Anaheim, CA, 2011, pp. 1-5.

S. B. Kjaer, J. K. Pedersen and F. Blaabjerg, "A review of single-
phase grid-connected inverters for photovoltaic modules", IEEE
Trans. Ind. Appl., vol. 41, no. 5, pp. 1292-1306, 2005

M. Shahparasti, A. Sadeghi Larijani, A. Fatemi, A. Yazdian Varjani
and M. Mohammadian, "Quasi Z-source inverter for photovoltaic
system connected to single phase AC grid," Power Electronic &
Drive Systems & Technologies Conference (PEDSTC), 2010 Ist,
Tehran, Iran, 2010, pp. 456-460.

Y. Li, F. Z. Peng, J. G. Cintron-Rivera and S. Jiang, "Controller
design for quasi-Z-source inverter in photovoltaic systems," 2010
IEEE Energy Conversion Congress and Exposition, Atlanta, GA,
2010, pp. 3187-3194.

H. Abu-Rub, A. Igbal, S. Moin Ahmed, F. Z. Peng, Y. Li and G.
Baoming, "Quasi-Z-Source Inverter-Based Photovoltaic Generation
System With Maximum Power Tracking Control Using ANFIS,"
in [EEE Transactions on Sustainable Energy, vol. 4, no. 1, pp. 11-20,
Jan. 2013.

Abu-Rub, Haitham, Mariusz Malinowski, and Kamal Al-Haddad.
Power electronics for renewable energy systems, transportation and
industrial applications. John Wiley & Sons, 2014.

M. Meraj, A. Igbal, L. Brahim, R. Alammari and H. Abu-Rub, "A
high efficiency and high reliability single-phase modified quasi Z-
Source inverter for non-isolated grid-connected
applications,"Industrial Electronics Society, IECON 2015 - 41st
Annual Conference of the IEEE, Yokohama, 2015, pp. 4305-4310.

A. A. Abduallah, A. Igbal, M. Meraj, L. Ben-Brahim, R. Alammari
and H. Abu-Rub, "Discontinuous space vector pulse width
modulation  techniques for a five-phase quasi Z-source
inverter,"Industrial Electronics Society, IECON 2015 - 41st Annual
Conference of the IEEE, Y okohama, 2015, pp. 4205-4210



