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bCONICET, Instituto de Energı́a Eléctrica, Universidad Nacional de San Juan, Av. Lib. San Martı́n Oeste, 1109, J5400ARL San Juan, Argentina
cDepartment of Electrical Engineering, Universidade Federal de Campina Grande, Caixa Postal 10.105. 58109-970 Campina Grande,

Paraı́ba, Brazil
a r t i c l e i n f o

Article history:

Received 8 September 2011

Accepted 12 December 2011

Available online xxx

Keywords:

Photovoltaic (PV) generation

Maximum power point tracking

(MPPT)

Power conditioning system (PCS)

Three-level cascaded Z-source

inverter

Detailed modeling

Control techniques
5 This work was supported in part by the
and the Argentinean National Council for Sc
* Corresponding author. Tel.: þ49 271 740467
E-mail address: pacas@uni-siegen.de (J.M

Please cite this article in press as: Paca
integration of solar photovoltaic gene
j.ijhydene.2011.12.078

0360-3199/$ e see front matter Copyright ª
doi:10.1016/j.ijhydene.2011.12.078
a b s t r a c t

Nowadays, the penetration of photovoltaic (PV) solar power generation in distributed gener-

ation (DG) systems is growing rapidly. This condition imposes new requirements to the

operation and management of the distribution grid, especially when high integration levels

are achieved. Under this scenario, the power electronics technology plays a vital role in

ensuring an effective grid integration of the PV system, since it is subject to requirements

relatednot only to thevariable source itself but also to its effects on thestability andoperation

of the electric grid. This paper proposes an enhanced interface for the grid connection of solar

PV generation systems. The topology employed consists of a three-level cascaded Z-source

inverter that allows theflexible, efficient and reliable generation ofhighquality electric power

from the PV plant. A full detailed model is described and its control scheme is designed. The

dynamic performance of the designed architecture is verified by computer simulations.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction application among PV solar systems, gaining interest over
In the last years, interest in photovoltaic (PV) solar power

generation is increasingworldwide and the installation of large

grid-connected PV systems is accelerating because

of distinctive advantages such as simplicity of allocation,

high dependability, absence of fuel cost, low maintenance

and lack of noise and wear due to the absence of moving

parts. In addition to these factors are thedeclining costsof solar

modules, an increasing efficiencyof solar cells,manufacturing-

technology improvements and economies of scale [1].

The grid integration of renewable energy sources (RES)

based on PV systems is becoming today the most important
Deutscher Akademischer
ience and Technology Re
1; fax: þ49 271 7402777.
. Pacas).

s JM, et al., Design of a
ration systems, Intern

2011, Hydrogen Energy P
traditional stand-alone systems. This situation is mainly

boosted by the numerous benefits of using RESs in distributed

(aka dispersed) generation (DG) systems, including the strong

support provided by governments of many countries, as

investment subsidies and incentives [2,3].

The growing number of distributed PV systems brings new

challenges to the operation and management of the power

grid, especially when the variable and non-dispatchable

energy source constitutes a significant part of the total

system generation capacity. Under this scenario, the power

electronics technology plays an important role in ensuring an

effective grid connection of the PV system. Integration issues
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need to be addressed from both the distributed PV system side

and from the utility side. In modern applications of grid-tied

distributed PV generation, the power conditioning system

(PCS) is the key component that enables to provide a more

cost-effective harvest of energy from the sun and to meet

specific electrical grid code requirements. This is especially

significant for applications of DG in future smart grids.

In the literature, numerous topologies of PCSs, varying in

cost and complexity, have been widely discussed for inte-

grating PV solar systems into the electric grid. In modern PV

systems designs with control of both, active and reactive

power, the PCS is typically built using a full-scale power

converter made up of a two-stage power conversion hardware

configuration [4], as depicted in Fig. 1. This PCS design is

composed of a DC/DC/AC power converter that permits to

simultaneously and independently control the active and

reactive power flow exchanged with the electric utility grid. In

this sense, multi-level converters are increasingly preferred

for medium- and high-power applications due to their ability

to meet the increasing demand of power ratings and power

quality associated with reduced harmonic distortion, lower

electromagnetic interference, and higher efficiencies when

compared with the conventional two-level topologies [5].

This paper describes the design and simulation of a robust

and efficient electronic interface for the grid connection of

distributed photovoltaic generation. A high performance PCS

of a PV system and its control scheme for applications in DG

systems is proposed. This PCS utilizes a simple and innovative

structure that differs from the conventional ones in the use of

a single-stage power conversion topology that offers signifi-

cant advantages. Moreover, a new three-level control scheme

is designed, capable of simultaneously and independently

regulating both active and reactive power exchange with the

electric grid. The dynamic performance of the designed

architecture is verified by computer simulations.
2. Description of the PV system

2.1. Power circuit configuration

The main purpose of a grid-connected PV solar system is to

transfer the maximum instant power harvested from the sun

into the electric utility grid (usually with unity power factor).

This goal imposes the necessity of being constantly operating
Fig. 1 e General scheme of a typical grid-tied solar PV

generation system.
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the PV system near the maximum power point independently

of the climatic conditions. Therefore, the use of an appropriate

electronic interface with bothmaximumpower point tracking

(MPPT) capabilities and the ability of effectively connecting to

the AC power grid is required [6]. The PCS permits to achieve

this objective, by successfully controlling theactivepowerflow

exchanged with the electric system. Even more, with the

appropriate configuration of the PCS and its control system

design, the PV array is capable of simultaneously and inde-

pendently performing both instantaneous active and reactive

power flow control, as required by modern (and especially in

future “smart”) grid-connected DG applications.

To this aim, a PCS hardware configuration of two cascade

stages is the most common solution worldwide used, which

offers an additional degree of freedom in the operation of the

grid-connected PV solar system when compared with the

classical single-stage topology. Hence, a three-phase DC/AC

voltage source inverter (VSI)using IGBTs (InsulatedGateBipolar

Transistors) or MOSFETs (Metal Oxide Semiconductor Field

Effect Transistors) is employed for connecting to the grid. The

output voltage control of this VSI is generally achieved through

pulse width modulation (PWM) techniques. As the VSI needs

a fixed DC link in order to allow a decoupled control of both

active and reactive power exchange with the electric grid, an

extra conditionerutilizedas interface in theDCsideof theVSI is

required. For this purpose, an intermediateDC/DCconverter (or

chopper) generally in a boost topology can be employed.

Therefore, it allows linking the output of the PV solar array to

the DC bus of the inverter and consequently permits to pursue

various control objectives simultaneously and independently

of the PV array operation without changing the PCS topology.

However, this two-stage arrangement retains some disadvan-

tages when compared to single-stage topologies.

� Lower power conversion efficiency, because of the two-

stage configuration.

� Lower reliability because more fully controlled switches are

used in this configuration with the addition of the chopper.

� Higher volume and weight, since the boost stage increases

system size and weight.

In addition, the reliability of both configurations is reduced

even more due to the potential existence of shoot-through

states arising from gate-drive failures. Therefore, there is

a motivation to deal with the aforementioned limitations.

2.2. Z-Source inverter

A potential solution to overcome these problems is the use of

a novel inverter topology capable of coping with the output

voltage variation of the primary energy source and still

preserving a fixed higher voltage DC link, all in a modified

single-stage structure. This structure utilized to realize both

inversion and boost function in one stage is an impedance-

source (or impedance-fed) power inverter (aka Z-source

inverter) [7], which is shown in Fig. 2 (middle side). A unique

impedance source (Z-source), consisting of a two-port

network with a couple of inductors (or a split-inductor) and

capacitors connected in X shape, is used for coupling the PV

array output terminals to the standard three-phase inverter.
robust and efficient power electronic interface for the grid
ational Journal of Hydrogen Energy (2012), doi:10.1016/

http://dx.doi.org/10.1016/j.ijhydene.2011.12.078
http://dx.doi.org/10.1016/j.ijhydene.2011.12.078


Fig. 2 e Configuration of the proposed grid-connected PV solar generation system.
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In this way, with the proper design of the PWM scheme to the

inverter, the voltage boosting (also bucking) function can be

realized simultaneously and independently of the inverter

operation, without affecting the voltage waveforms seen from

the electric grid within a wide range.

The Z-source concept uses a modified PWM control tech-

nique based on introducing an additional switching state (or

vector) to the eight states (six active and two null states) of the

traditional three-phase voltage source inverter [8]. The tradi-

tional three-phase VSI has six active vectors when the DC link

voltage is applied to the electric grid via the coupling trans-

formers and two zero vectors when the transformer terminals

are shorted through either the lower or upper three IGBTs.

However, the three-phase Z-source inverter has one extra

zero state when the transformer input terminals are shorted

through both the upper and lower devices of any one phase leg

(i.e., both devices are switched on), any two phase legs, or all

three phase legs. This so-called shoot-through zero state

provides the unique buck-boost feature to the inverter.

In summary, the Z-source inverter is chosen to be a good

alternative to conventional inverter topologies due to itsmany

merits. For instance, as previously mentioned, it has inherent

voltage buck and boost capability using the shoot-through

states in each phase leg of the inverter. Compared with the

topology in Fig. 1, the proposed configuration has eliminated

the DC/DC chopper and thereby simplified the system struc-

ture. The system operation reliability is also improved since

there is no shoot-through risk in the VSI.

Multi-level inverters have found extensive applications in

the industry and to date are increasingly preferred formedium-

and high-power applications due to their many inherent

advantages, like their ability to meet the increasing demand of

power ratings and power quality associated with reduced

harmonic distortion, lower electromagnetic interference, and

higher efficiencies when comparedwith the conventional two-
Please cite this article in press as: Pacas JM, et al., Design of a
integration of solar photovoltaic generation systems, Intern
j.ijhydene.2011.12.078
level topologies. In this way, in order to provide an effective

multi-level topological alternative for the present Z-source

inverter application, it is used a modified three-level cascaded

Z-source inverter implemented using two three-phase two-

level inverter bridges and supplied by one uniquely design Z-

source impedancenetwork [9], asdepicted inFig. 2.These three-

phase bridges are series connected (cascaded) at their AC

outputsusingthreesingle-phasestep-upcoupling transformers

in order to create a dual Z-source inverter, whose secondary

terminalsarewyeconnected.ThisdualZ-source inverter canbe

controlled using different modulation approaches due to the

availability of various additional redundant switching states

within a phase leg comparingwith othermulti-level topologies.

Particularly, using a modified phase-shifted-carrier (PSC) PWM

schemewith shoot-through states inserted, it is shown that the

dual inverter can efficiently be implemented using only a single

Z-source network, with a significant saving in cost, while still

achieving the correct switching loss equalization among the

semiconductor devices. In addition, smaller DC ripple currents

are expected to flow into the three-phase bridges, as compared

to single-phase H-bridges of a traditional cascaded inverter.
3. Control of the PV system

The proposed multi-level control scheme for the three-phase

grid-connected PV system is illustrated in Fig. 3. This control

strategy consists of three distinct blocks with different hier-

archies and their own control objectives, namely an external,

middle and internal level [4].

3.1. External level control

The external level control (left side of Fig. 3) has the goal of

rapidly and simultaneously controlling the active and reactive
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Fig. 3 e Control scheme of the three-phase grid-connected solar PV generation system.
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power exchange between the PV system and the utility grid,

through an active power control mode (APCM) and a voltage

control mode (VCM), respectively.

The standard control block of major distributed energy

resources is the VCM and consists of a voltage-droop strategy

used to modulate the reactive component of the VSI output

current, iq1 aiming at controlling the voltage at the point of

common coupling (PCC) of the PV system to the distribution

grid. This reactive power control loop employs a standard

proportional-integral (PI) controller with droop characteristics

(becoming the phase-lag compensator LC1) for enabling

a stable fast-response operation with more devices shunt-

connected to the same feeder. In fact, this reactive power is

locally generated exclusively by the inverter and can be

controlled simultaneously and independently of the active

power provided by the PV array.

On the other hand, the main purpose of a grid-tied solar

PV system is to transfer the maximum available power into

the electric system. In this way, the APCM aims at continu-

ously matching the active power to be injected into the

electric grid with the maximum instant power capable of

being generated by the PV modules, independently of the

reactive power generated by the VCM. To this aim, the PCS

and its controller must ensure the instantaneous energy

balance among all the PV components. With this objective,

an indirect approach which is very efficient and robust in

tracking the maximum power point of solar PV systems is

implemented.

The maximum power point tracking (MPPT) strategy

proposed is based on directly adjusting the shoot-through

duty ratio of the cascaded Z-source inverter and conse-

quently the PV array voltage, according to the result of the

comparison of successive output power measurements. The

control algorithmuses a “Perturbation andObservation” (P&O)

iterative method widely used in solar photovoltaic and

thermal applications with good results [10].
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3.2. Middle level control

The middle level control makes the expected output to

dynamically track the reference values (idr1 and iqr1) set by the

prior external level. This control, which is shown in Fig. 3

(middle side), implements a full decoupled current control

strategy of the inverter in the synchronous-rotating dq refer-

ence frame. To this aim, a linearization of the state-space

averaged model of the Z-source VSI in d-q coordinates

(described in-depth in [11]) is employed to design a voltage

cross-coupling elimination feed-forward arrangement with

two conventional PI controllers (PI1 and PI2). In addition,

another PI controller (PI3) is used in order to eliminate the

extra coupling resulting from the DC capacitors voltageVi dual

Z-source inverter as much in the DC side as in the AC side of

the inverter. This is employed in order to eliminate the steady-

state voltage variations at the DC bus, by forcing the instan-

taneous balance of power between the DC and the AC sides of

the dual Z-source inverter.

3.3. Internal level control

The internal level (right side of Fig. 3) is responsible for

generating the switching signals for the twelve IGBTs of the

three-phase three-level dual Z-source inverter, using a phase-

shifted-carrier (PSC) PWM scheme based on [9]. Using this PSC

approach, the carrier-reference comparison is first used to

produce an appropriate state sequence for controlling the

upper VSI bridge (labeled as inverter U in Fig. 3) in the dual

inverter, while the negation of the references and the same

carrier are compared to produce another sequence for driving

the lower VSI bridge (labeled as inverter G). The combined

dual inverter output then gives the correct voltage average

with three-level switching and the appropriate off intervals

inserted for buck/boost control. This level is also composed of

a line synchronization module, which uses a phase locked
robust and efficient power electronic interface for the grid
ational Journal of Hydrogen Energy (2012), doi:10.1016/

http://dx.doi.org/10.1016/j.ijhydene.2011.12.078
http://dx.doi.org/10.1016/j.ijhydene.2011.12.078


Fig. 4 e Test power distribution system with proposed PV

solar system.

Fig. 5 e Simulation results for active power exchange with the

radiation and output power. (b) Inverter active and reactive pow
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loop (PLL) designed in the dq frame. This circuit is a feedback

control system used to automatically synchronize the VSI

carrier-based switching pulses; through the phase qs, with the

positive sequence components of the AC voltage vector at the

PCC.

4. Digital simulation results

In order to investigate the effectiveness of the proposed

developments, digital simulations were implemented using

SimPowerSystems ofMATLAB/Simulink environment [12]. For

validation of both control strategies, i.e. APCM and VCM, two

sets of simulations were performed using the test distribution

system sketched in Fig. 4. Under this scenario, a 25 kV/50MVA
utility grid (APCM): (a) PV system total absorbed solar

er. (c) PCC (bus 3) terminal voltage.
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distribution utility feeds a 120 kW/22 kvar load via a 20 km

line. The PV array consists of 10 strings of 50 Solartec KS50

modules,making up a peak installed power of 25 kW, linked to

a 60 kVA three-level cascaded Z-source inverter. The

connection of the VSI to the utility grid is made through

a 600 V/25 kV step-up transformer.

Simulations depicted in Fig. 5 show the case with only

active power exchange with the utility grid, i.e. only the APCM

is activated all the time. The solar radiation is forced to vary

quickly in steps every 0.2 s as described in Fig. 5(a); thus

producing proportional changes in the maximum power that

can be drawn from the PV array (MPP actual power shown in

red dashed lines). The true maximum power point for each

solar radiation condition is given by the actual produced

power, which is rapidly and accurately tracked by the P&O

MPPTmethod (blue solid lines). As can be noted from Fig. 5(b),
Fig. 6 e Simulation results for active and reactive power exchan

absorbed solar radiation and output power. (b) Inverter active a
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all the active power generated by the PV array is injected into

the electric grid through the three-level cascaded Z-source

inverter, except losses, with very small delays in the dynamic

response (blue dashed lines). It can also be seen the case with

fixed voltage control of the PV array, i.e. with no MPPT control

(green dotted lines). In this case, the power injected into the

electric grid ismuch lesser thanwithMPPT, about up to 25% in

some cases. Eventually, no reactive power is exchanged with

the electric grid since the VCM is not activated (shown in red

solid lines). In this way, as can be observed in Fig. 5(c), the

instantaneous voltage at the PCC to the AC grid is maintained

almost invariant at about 0.99 p.u. (per unit of 25 kV). It is also

verified a very low transient coupling between the active and

reactive (null in this case) powers exchanged by the grid-

connected PV system due to the full decoupled current

control strategy in d-q coordinates.
ge with the utility grid (APCM and VCM): (a) PV system total

nd reactive power. (c) PCC (bus 3) terminal voltage.
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Simulations of Fig. 6 show the case with both, active and

reactive power exchange with the utility grid, i.e. the APCM is

activated all the timewhile the VCM is activated at t¼ 0.3 s. The

PV system is now subjected to the same previous profile of solar

radiationvariations, asdescribed inFig. 6(a).Ascanbeobserved,

themaximumpowerforeachsolar radiationcondition israpidly

andaccuratelydrawnbytheP&OMPPTmethod in thesameway

as in the preceding case study. This power is injected into the

electric grid, except losses, as shown in blue dashed lines in

Fig. 6(b). These losses are increasedwith the injectionof reactive

power, causing a slightly lower exchange of active power than

the previous case studied with both controls of the Z-source

inverter (withandwithoutMPPT).Asshown inFig. 6(c), therapid

injection of almost 30 kvar of reactive capacitive power into the

electricutility system(redsolid lines)when theVCMisactivated

aims at controlling themagnitude of the instantaneous voltage

at thePCCaroundthe referencevoltageof1p.u. (or25kV).Here it

is also verified a very low transient coupling between the active

and reactive power injected into the AC grid.
5. Conclusion

An improved power conditioning system and the control

strategy of a three-phase grid-connected solar PV generation

system to simultaneously and independently control the

active and reactive power flow in the distribution grid has

been studied. A real detailed model and a novel multi-level

control scheme based on a full decoupled current control of

the inverter in d-q coordinates with an MPPT control of the PV

system were proposed. Dynamic system simulation studies

demonstrate the effectiveness of the proposed developments.

The fast response of power electronic devices and the

enhanced performance of the control allow taking full

advantage of the solar PV system as a DG system. The pre-

sented single-stage PCS topology with self-boost capabilities

offers a simple and effective alternative over the conventional

two-stage one for interfacing the PV devices with the AC

utility grid. The advantages of this topology include a better

power conversion efficiency, higher reliability, reduced

harmonic distortion, inherent short circuit protection and

a reduction of the volume and weight of the entire system,
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while permitting to use all standard PWM techniques. The

improved capabilities of the grid-connected PV system to

rapidly exchange active powerwith the electric system, and to

generate locally reactive power, allows greatly enhancing the

operation and control of the electric system.
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[10] Molina MG, Juanicó LE, Rinalde GF, Taglialavore E, Gortari S.
Design of improved controller for thermoelectric generator
used in distributed generation. International Journal of
Hydrogen Energy 2010;35(11):5968e73.

[11] Molina MG, Pacas JM. Improved power conditioning system
of micro-hydro power plant for distributed generation
applications, In: 2010 IEEE International Conf. on Industrial
Technology (ICIT), Viña del Mar – Valparaı́so, Chile, March
2010, pp. 1733–38.

[12] The MathWorks Inc. SimPowerSystems for use with
Simulink: user’s guide. Available from: www.mathworks.
com; 2011.
robust and efficient power electronic interface for the grid
ational Journal of Hydrogen Energy (2012), doi:10.1016/

http://www.mathworks.com
http://www.mathworks.com
http://dx.doi.org/10.1016/j.ijhydene.2011.12.078
http://dx.doi.org/10.1016/j.ijhydene.2011.12.078

	Design of a robust and efficient power electronic interface for the grid integration of solar photovoltaic generation systems
	Introduction
	Description of the PV system
	Power circuit configuration
	Z-Source inverter

	Control of the PV system
	External level control
	Middle level control
	Internal level control

	Digital simulation results
	Conclusion
	References


