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32 

3.2 

3.2.1 

Grid Converters for Photovoltaic and Wind Power Systems 

International Regulations 

IEEE 1547 Interconnection of Distributed Generation 

In the US, several standards for interconnection have come and gone since the enactment 
of the Public Utilities Regulatory Policy Act in 1978 [I]. For PY and other inverter-based 
technologies, IEEE 929-2000, Recommended Practice for Utility lnte,face of Photovoltaic 
( PV) Systems [2], has the longest history and probably is the most used standard. It applies 
to residential and other small-scale interconnected PY, but many aspects have been applied 
to other generating technologies that use inverters. It dates back to 1981 and originated from 
the IEEE Standards Coordinating Committee 21 (SCC2 l) for PY systems, which has been 
expanded to include fuel cells, PY s, dispersed generation and energy storage. IEEE 929 has 
since been effectively incorporated into many state rules and in UL 1741 [3]. 

Largely derived from IEEE 929, UL 1741, Standard for Inverters, Converters, and Con­
trollers for Use in Independent Power Systems, elaborated by Underwriters Laboratories Inc., 
an important standardization body in the US, became an important safety listing in 1999 and 
is applied to small grid-tied inverters. It has taken on a greater role since 2002 when the first 
large-scale three-phase inverters were included under this UL listing. Like other UL standards, 
1741 addresses issues related to construction, electrical safety and principles derived from the 
National Electric Code (NEC) and related UL standards. UL 1741 is unique in its incorporation 
of grid performance requirements. Most other UL standards are limited to electrical safety and 
do not address performance. The practical implementation of UL 1741 has had a huge impact 
on the viability of projects incorporating PY and other inverter-based technologies. Where it 
has been adopted in state and utility rules, it has greatly simplified the interconnection process 
for developers and utilities alike. 

The review process in many cases has evolved from detailed interconnection studies to 
simple check.lists. Today the single most influential standard for interconnection of all forms of 
DR is IEEE 1547-2003 [4], Standard/or Interconnecting Distributed Resources with Electric 
Power Systems. IEEE 1547 is the result of a recent effort by SCC21 to develop a single 
interconnection standard that applies to all technologies. The IEEE 1547 standard has benefited 
greatly from earlier utility industry work documented in IEEE and IEC standards (e.g. IEEE 
929, 519, 1453; IEC EMC series 61000; etc.) and ANSI C37 series of protective relaying 
standards. IEEE 1547 addresses all types of interconnected generation up to 10 MW and 
establishes mandatory requirements. This sets it apart from several previous IEEE guides or 
recommended practices on DG, which convey only suggestions and recommendations. 

The IEEE 1547 standard focuses on the technical specifications for, and the testing of, 
the interconnection itself. It includes general requirements, response to abnormal conditions, 
power quality, islanding and test specifications as well as requirements for design, production, 
installation evaluation, commissioning and periodic tests. The requirements are applicable for 
interconnection with EPSs at typical distribution levels (medium voltage) but also low-voltage 
distribution networks are considered. 

IEEE 1547.1-2005 [5], Standard/or Conformance Test Procedures/or Equipment Intercon­
necting Distributed Resources with Electric Power Systems, is a new standard deriving from 
IEEE 1547, specifying the type, production and commissioning tests that shall be performed 
to demonstrate that the interconnection functions and equipment of the distributed resources 
(DR) conform to IEEE Std 1547. 
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Grid Requirements for PV 33 

In May 2007 the following paragraph has been added to ULI 741: 'For utility-interactive 
equipment, these requirements are intended to supplement and be used in conjunction with the 
Standard for l11terco11necti11g Distributed Resources with Electric Power Systems, IEEE 154 7, 
and the Standard/or Conformance Test Procedures/or Equipment Interconnecting Distributed 
Resources with Electric Power Systems, IEEE 1547.1.' Thus in terms of grid requirements 
UL 1741 acknowledges IEEE 1547. 

3.2.2 /EC 61727 Characteristics of Utility Interface 

A huge effort in harmonizing the grid requirements has been done by IEC that promotes 
international cooperation within standardizations for electrical and electronic issues. The TC-
82 Committee on Solar Photovoltaic Energy Systems is developing a large range of standards 
for the PV industry. In the grid interconnection requirements, the TC-82 has developed the 
standard IEC 61727 [6], Photovoltaic (PV) Systems- Characteristics of the Utility Interface, 
published in December 2004. The standard applies to utility-interconnected PV power systems 
operating in parallel with the utility and utilizing static (solid-state) nonislanding inverters for 
the conversion of DC to AC and lays down requirements for interconnection of PV systems to 
the utility distribution system. 

Another related standard of 2005, IEC 62116 Ed. l (7), Testing Procedure of Islanding 
Preve111ion Measures for Utility Interactive Photovoltaic Inverters, describing the testing 
procedure for the requirements stated in IEC 61727, has been recently approved and is expected 
to be published by the end of 2007. Although there are slight differences, the requirements 
from IEC 61727 are harmonizing very well with the ones from IEEE 1574, especially for 
anti-islanding detection, which is the critical issue. 

3.2.3 VDE 0126-1-1 Safety 

Germany is the dominant PV market and therefore the German regulations issued by the 
VOE Testing and Certification Institute is very important. During the 1990s the so-called 
ENS safety device, Die selbsttiitig wirkende Freischaltstelle besteht aus zwei voneinander 
unabhiingigen Einrichtungen zur Netziiberwachung mit zugeordnete allpoligen Schaltem in 
Reihe or Automatic Disconnection Device between a Generator and the Public Low-Voltage 
Grid, was introduced, first as an external hardware device, but later in software. According to 
the former VOE 0126-1999, the ENS device should be able to detect a jump of 0.5 n in the 
grid impedance in a power-balanced situation. This was only possible by using active methods 
based on distorting the grid and measuring the response. After some years of experience in 
the field it was agreed that the requirements are too tight and frequently led to nuisance trips 
affecting the yield and also power quality degradation. Especially cases where many inverters 
operating close to each other increased malfunctioning have been reported. 

Eventually, the newly revised standard VOE 0126-1-1-2006 [8] has relaxed the tight thresh­
olds for disconnection in the case of abrupt grid impedance changes (from 0.5 to 1.0 Q) and 
even allow as an alternative method an anti-islanding requirement very similar to the one in 
IEEE 1547.l based on a resonant RLC load. These changes are expected to contribute to 
increased grid stability, without altering safety. 
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34 Grid Converters for Photovoltaic and Wind Power Systems 

Apart from the ENS, the VOE O 126-1-1 also includes over/undervoltage and frequency 
detection and describes the test procedures for a fail-safe protective interface that has to 
disconnect automatically the PV inverter from the grid in cases of DC injection, fault current 
and low isolation to earth. In order to accommodate the transformerless PV inverters, a leakage 
current limit (300 mA) is imposed and active monitoring of the fault current with sensitivity 
down to 30 mA and active monitoring of isolation (> I H2N) is required. Also, for the fail-safe 
disconnection circuit, a redundant circuit is required. This means that additional hardware is 
needed in order to achieve these safety functions, thus increasing the complexity and cost. In 
Germany it is not allowed to apply ENS in an installation with an AC output power ~ 30 kW. 

3.2.4 /EC 61000 Electromagnetic Compatibility (EMC- low frequency) 

IEC 61000-3-2 [9] deals with the limitation of harmonic currents injected into the public 
supply system. It specifies limits of harmonic components of the input current, which may be 
produced by equipment tested under specified conditions. This part of IEC 61000 is applicable 
to electrical and electronic equipment having an input current up to and including 16 A per 
phase, and is intended to be connected to public low voltage. For equipment with current higher 
than 16 A but lower than 75 A the corresponding standard IEC 61000-3-12 [10] applies. 

IEC 61000-3-3 [11] is concerned with the limitation of voltage fluctuations and flicker 
impressed on the public low-voltage system. It specifies limits of voltage changes that may be 
produced by an equipment tested under specified conditions and gives guidance on methods 
of assessment This part of IEC 61000 is applicable to electrical and electronic equipment 
having an input current equal to or less than 16 A per phase, intended to be connected to public 
low-voltage distribution systems of between 220 and 250 V line to neutral at 50 Hz, and not 
subject to conditional connection. For equipment with current higher than 16 A but lower than 
75 A the corresponding standard IEC 61000-3-11 [12] applies. 

3.2.5 EN 50160 Public Distribution Voltage Quality 

The voltage quality in the public distribution system is regulated in Europe by EN 50160 
[13], which gives the main voltage parameters and their permissible deviation ranges at the 
customer's point of common coupling in public low-voltage (LV) and medium-voltage (MV) 
electricity distribution systems, under normal operating conditions. The parameters of the 
supply voltage shall be within the specified range during 95 % of the test period, while 
the permitted deviations in the remaining 5 % of the period are much greater. EN 50160 
is principally informative and accepts no responsibility when the limits are exceeded. The 
following parameters are of interest for designing the control of PV inverters: 

• Voltage harmonic levels (see Table 3.1). Maximum voltage THO is 8 %. 
• Voltage unbalance for three-phase inverters. Maximum unbalance is 3 %. 
• Voltage amplitude variations: maximum ±10 %. 
• Frequency variations: maximum ± 1 %. 
• Voltage dips: duration < 1 sec. deep < 60 %. 

For the PV inverter, point-of-view compatibility with this voltage power quality standard 
is important as it can demonstrate that the inverter is able to operate with the whole range 
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Grid Requirements for PV 35 

Table 3.1 Public distribution grid voltage hannonics limits - EN 50160 

Odd harmonics Even harmonics 

Not multiple of 3 Multiple of 3 

Relative Relative Relative 
Order h voltage(%) Order h voltage(%) Order/, voltage(%) 

5 6 3 5 2 2 
7 5 9 1.5 4 I 

11 3.5 15 0.5 6 to 24 0.5 
13 3 21 0.5 
17 2 
19 1.5 
23 1.5 
25 1.5 

of disturbances. The voltage and frequency variations are surpassed by other PY specific 
standards, as shown in Section 3.3. For the permitted disturbances in tenns of dips, there is not 
yet any ride-through requirement, but in the future as PY increases penetration of the market 
such a requirement (similar to the wind power grid codes) is expected. 

In the following an analytical and comparative analysis of the main grid requirements from 
the three main standard groups IEEE 1574/UL 1741, IEC 61727 and VOE 0126-1-1 is given. 

3.3 Response to Abnormal Grid Conditions 

The PY inverters need to disconnect from the grid in case of abnonnal grid conditions in 
tenns of voltage and frequency. This response is to ensure the safety of utility maintenance 
personnel and the general public, as well as to avoid damage to connected equipment, including 
the photovoltaic system. 

3.3.1 Voltage Deviations ( see Table 3.2) 

All discussions regarding system voltage refer to the local nominal voltage. The voltages in 
RMS (root mean square) are measured at the point of utility connection. The disconnection 

Table 3.2 Disconnection time for voltage variations 

IEEE 1547 IEC 61727 VDE 0126-1-1 

Voltage range Disconnection Voltage range Disconnection Voltage range Disconnection 
(%) time (sec.) (%) time (sec.) (%) time (sec.) 

V < 50 0.16 V < 50 0.IO ll0 ~ V < 85 0.2 
50 ~ V < 88 2.00 50 ~ V < 85 2.00 
ll0 < V < 120 1.00 1IO < V < 135 2.00 
V ~ 120 0.16 V ~ 135 0.05 

Tesla, Inc. 
Ex - 1017 

Page 13 of 33



36 Grid Converters for Photovoltaic and Wind Power Systems 

Table 3.3 Disconnection time for frequency variations 

IEEE 1547 IEC 61727 VDE 0126-1-1 

Frequency range 
(Hz) 

Disconnection Frequency range Disconnection Frequency range Disconnection 
time (sec.) (Hz) time (sec.) (Hz) time (sec.) 

59.3 </ < 60.5° 0.16 47.5 < / < 50.2 0.2 

0 For systems with power < 30 kW the lower limit can be adjusted in order to allow participation in the 
frequency control. 

time refers to the time between the abnormal condition occurring and the inverter ceasing to 
energize the utility line. The inverter controls shall actually remain connected to the utility to 
allow sensing of utility electrical conditions for use by the 'reconnect' feature. The purpose of 
the allowed time delay is to ride through short-term disturbances to avoid excessive nuisance 
tripping. 

Observation: The required disconnection time for VOE 0126-1-1 is much shorter (0.2 sec.) 
and fast voltage monitoring is thus required. 

3.3.2 Frequency Deviations ( see Table 3.3) 

The purpose of the allowed range and time delay is to ride through short-term disturbances to 
avoid excessive nuisance tripping in weak-grid situations. 

Observation: The VOE 0126-1-1 allows a much lower frequency limit and thus frequency 
adaptive synchronization is required. 

3.3.3 Reconnection after Trip 

After a disconnection caused by abnormal voltage or frequency conditions the inverter can be 
reconnected only in the conditions given in Table 3.4. 

Observation: The time delay in IEC 61727 is an extra measure to ensure resynchronization 
before reconnection in order to avoid possible damage. 

Table 3.4 Conditions for reconnection after trip 

IEEE 1547 

88 < V < 1 IO(%) 

AND 

59.3 < / < 60.5 (Hz) 

IEC 61727 

85 < V < 110(%) 
AND 
fn -I < / < /n + I (Hz) 
AND 
Minimum delay of 3 min. 

VDE 0126-1-1 

Tesla, Inc. 
Ex - 1017 

Page 14 of 33



.. 
Grid Requirements for PV 37 

Table 3.5 DC current injection limitation 

IEEE 1574 IEC 61727 VDE0l26-l-1 

/oc < 0.5 (%) lrx <I(%) loc: < I A 
of the rated RMS current of the rated RMS current Maximum trip time 0.2 sec. 

3.4 Power Quality 
The quality of the power provided by the photovoltaic system for the local AC loads and 
for the power delivered to the utility is governed by practices and standards on voltage, 
flicker, frequency, harmonics and power factor. Deviation from these standards represents 
out-of-bounds conditions and may require disconnection of the photovoltaic system from the 
utility. 

3.4.l DC Current Injection 

DC current injection in the utility can saturate the distribution transformers, leading to over­
heating and trips. For the conventional PV systems with galvanic isolation, this problem is 
minimized, but with the new generation of transformerless PV inverters increased attention is 
required in this matter. Thus the limits of injected DC current given in Table 3.5 are accepted. 

Observation: For IEEE 1574 and IEC 61727 the DC component of the current should be 
measured by using harmonic analysis (fast Fourier transform, or FFT) and there is no maximum 
trip time condition. During the test the measured DC component should be below the limits 
for different loading conditions (l/3, 2/3 and 3/3 of the nominal load). For VOE O 126-1-1 
this condition requires a special designed current sensor that can detect this threshold and 
disconnect within the required trip time. 

3.4.2 Current Harmonics 

The PV system output should have low current-distortion levels to insure that no adverse 
effects are caused to other equipment connected to the utility system. The levels given in 
Table 3.6 are accepted. 

Table3.6 Maximum current harmonics 

IEEE 1547 and IEC 61727 

Individual h < 11 ll~h<l7 17 ~ h < 23 23 ~ h < 35 35 ~ h Total harmonic 
harmonic distortion THO 
order (odd)° (%) 

(%) 4.0 2.0 1.5 0.6 0.3 5.0 

0 Even harmonics are limited to 25 % of the odd harmonic limits above. 
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Table 3.7 Current hannonic limits set by IEC 61000-3-2 (class A) 

Odd ham1onics 

Order I, Current (A) Order I, 

3 2.30 2 
5 1.14 4 
7 0.77 6 
9 0.40 8~1,~40 
11 0.33 
13 0.21 
13 ~ h ~ 39 0.15 x 15/h 

Even harmonics 

Current (A) 

1.08 
0.43 
0.30 
0.23 X 8/1, 

Observation: The test voltage for IEEE 1574/IEC 61727 should be produced by an electronic 
power source with a voltage THO (thermohydrodynamic) < 2.5 % and individual voltage 
harmonics lower than 50 % of the current harmonic limits. The practice is to use an ideal 
sinusoidal power source so as not to influence the results by the background distortion. 

As in Europe IEC 61727 is not yet approved, the practice is that the harmonic limits are set 
by the IEC 61000-3-2 for class A equipments (see Table 3.7). 

Observation: The current limits in IEC 61000-3-2 are given in amperes and are in general 
higher than the ones in IEC 61727. For equipments with a higher current than 16 A but lower 
than 75 A, another similar standard IEEE 61000-3-12 [10] applies. 

3.4.3 Average Power Factor 

Only in IEC 61727 is it stated that the PV inverter shall have an average lagging power 
factor greater than 0.9 when the output is greater than 50 %. Most PV inverters designed for 
utility-interconnected service operate close to the unity power factor. 

In IEEE 1574 there is no requirement for the power factor as this is a general standard that 
should also allow distributed generation of reactive power. No power factor requirements are 
mentioned in VOE 0126-1-1. 

Observation: Usually the power factor requirement for PV inverters should now be interpreted 
as a requirement to operate at a quasi-unity power factor without the possibility of regulating the 
voltage by exchanging reactive power with the grid. For high-power PV installations connected 
directly to the distribution level local grid requirements apply as they may participate in the 
grid control. For low-power installations it is also expected that in the near future the utilities 
will allow them to exchange reactive power, but new regulations are still expected. 

3.5 Anti-islanding Requirements 

Definitely the most technical challenging requirement is the so-called anti-islanding. Islanding 
for grid-connected PV systems takes place when the PV inverter does not disconnect for a very 
short time after the grid is tripped, i.e. it is continuing to operate with local load. In the typical 

11111111 
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1 
S1 

s, Si 

Simulated RLC 
Arca EPS Load 

EUT 

I 
NOTES 
I - Switch S1 may be replaced with individual switches on each of the RLC load components 
2 - Unless the EUT has a unity output p.f., the receiver power component of the EUT is considered 
to be a part of the islanding load circuit in the figure . 

Figure 3.1 Test setup for the anti-islanding requirement in IEEE 1547.1 

39 

case of a residential electrical system co-supplied by a roof-top PV system, grid disconnection 
can occur as a result of a local equipment failure detected by ground fault protection or of an 
intentional disconnection of the line for servicing. In both situations, if the PV inverter does 
not disconnect the following consequences can occur: 

• Retripping the line or connected equipment can cause damage due to an out-of-phase closure. 
• Safety hazard for utility line workers who assume de-energized lines during islanding. 

In order to avoid these serious consequences safety measures called anti-islanding (Al) 
requirements have been issued and are embodied in standards. 

3.5.1 AI Defined by IEEE 1547/UL 1741 

In IEEE 1574 the requirement is that after an unintentional islanding where the distributed 
resources (DR) continue to energize a portion of the power system (island) through the 
PCC, the DR shall detect the islanding and cease to energize the area within 2 sec. In 
IEEE 1547.l the test setup is described as shown in Figure 3.1, where EUT represents the 
equipment under test, i.e. the PV inverter. 

The test conditions require that an adjustable RLC load should be connected in parallel 
between the PV inverter and the grid. The resonant LC circuit should be adjusted to resonate 
at the rated grid frequency f and to have a quality factor of Q 1 = l, or, in other words, the 
reactive power generated by C [VAR] should equal the reactive power absorbed by L [VAR] 
and should equal the power dissipated in R [W] at the nominal power P and rated grid voltage 
V. Thus the values for the local RLC load can be calculated as 

y2 

R=-p 
y2 

L=---
2rrfl'Qt 

PQ1 
C = 2rrfV2 

(3.1) 
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40 Grid Converters for Photovoltaic and Wind Power Systems 

The parameters of the RLC load should be fine-tuned until the grid current through S3 
should be lower than 2 % of the rated value on a steady-stale base. In this balanced condition, 
S3 should be open and the time before disconnection should be measured and should be lower 
than 2 sec. 

For three-phase PY inverters each phase should be tested with respect to the neutral in­
dividually. For three-wire three-phase PY inverters the local RLC load should be connected 
between phases. 

The UL 174 I standard in the US has been hannonized with the anti-islanding requirements 
stated in IEEE 1547. 

Observation: The main difference with respect to the previous IEEE 929-2000 standard is 
that the requirement for the quality factor of the local RLC load has been reduced from 2.5 to 
1.0, thus making compliance easier to achieve technically. 

3.5.2 AI Defined by /EC 62116 

In the draft version of IEC 62116-2006 similar AI requirements as those for IEEE 1547 are 
proposed. The test can also be utilized by other inverter interconnected DER. In the normative 
reference IEC 61727-2004 the ratings of the system valid in this standard have a rating of 
l Ok VA or less; however, the standard is subject to revision. The test circuit is the same as in the 
IEEE 154 7. I test (Figure 3. I) and a power balance is required before the island detection test. 
The requirement for passing the test contains more test cases but the conditions for confirming 
island detection do not have a significant deviation compared to the IEEE 1547.1 test. 

The inverter is tested at three levels of output power (A: 100-105 %, B: 50-66 % and 
C: 25-33 % of inverters output power). Case A is tested under maximum allowable inverter 
input power and case C at minimum allowable inverter output power if> 33 %. The voltage 
at the input of the inverter also has specific conditions (see reference [8]). All conditions are 
to be tested at no deviation in real and reactive load power consumption than for condition 
A in a step of 5 % both real and reactive power iterated deviation from -10 to 10 % from 
the operating output power of the inverter. Conditions B and C are evaluated by deviating the 
reactive load in an interval of ±5 % in a step of 1 % of the inverter output power. 

The maximum trip time is the same as in IEEE 1547.1 standards 2 sec. In IEC 61727, there 
is no specific description of the anti-islanding requirements. Instead reference to IEC 62116 
is made. 

3.5.3 AI Defined by VDE 0126-1-1 

The VOE O 126-1-1 allows the compliance with one of the following anti-islanding methods: 

1. Impedance measurement. The test circuit is depicted in Figure 3.2. 
The procedure is based on local balancing of the active and reactive power using the 

variable RLC circuit and the switch S is opened in order to increase the grid impedance 
by 1.0 Q. The inverter should disconnect within the required time, which is 5 sec. The test 
should be repeated for different values of the simulated grid impedance (R2, L2) in the 
range of 1 Q (maximum of 0.5 Q inductive reactance). 
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Figure 3.2 Test setup for anti-islanding requirements in VOE O 126-1-1 
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Grid 

2. Disconnection detection with RLC resonant load. The test circuit is the same as the one 
from IEEE 1547.1, depicted in Figure 3.1, and the test conditions are that the RLC resonant 
circuit parameters should be calculated for a quality factor of Q 1 > 2 using (3.1 ). With 
balanced power the inverter should disconnect after the disconnection of S2 in a maximum 
of 5 sec. for the following power levels: 25 %, 50 % and I 00 %. 

For three-phase PV inverters a passive anti-islanding method is accepted by monitoring 
all three phases of voltage with respect to the neutral. This method is conditioned by having 
individual current control in each of the three phases. 

Finding a software-based anti-islanding method has been a very challenging task, result­
ing in a large number of research works and publications. In Chapter 5 the most relevant 
AI methods are explained. 

3.6 Summary 

In this chapter an overview of the most relevant standards related to the grid connection 
requirements of PV inverters has been given. Great effort has been made by the international 
standard bodies in order to 'harmonize' the grid requirements for PV inverters worldwide. 
Recently the IEEE 1574 standard has made a big step in the direction of issuing a standard 
that includes grid requirements not only for PV inverters but for all distributed resources under 
10 MVA. Underwriters Laboratories in the US have revised UL 1471 this year by accepting 
the grid requirements of IEEE 1574 and also IEC 62116 was revised to harmonize with the 
requirements of IEEE 1574 in anti-islanding requirements. Even the very specific German 
standard VDE 0126-1-1 was revised in 2006 where the grid impedance measurement has 
become optional and an alternative requirement very similar to IEEE 1574 was included. All 
these positive actions need to be adopted in different countries that still use their own local 
regulations. 

The most relevant conditions from these standards are highlighted in order to envisage the 
impact on the control strategies. For designing purposes, readers are strongly recommended 
to access the complete texts of the standards and deal with all the related details. 
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Figure 9.25 Vrrtual flux implementation of the DPC 

algorithm while the main disadvantage is the need for a high sampling frequency to obtain 
satisfactory performance. A modified version proposed in reference [13] consists in the use of 
a modulator to synthesize the desired voltage (Figure 9.24(b)). However, if the grid is stiff the 
active and reactive power loops behave like classical d and q current loops. In the case where 
the system has the capability of influencing the grid voltage substantial differences may arise. 
Figure 9.25 shows the implementation of the DPC based on the use of virtual flux. 

9.5 Stand-alone, Micro-grid, Droop Control and Grid Supporting 

In this section the Wf systems not connected to a main grid are discussed. These systems can 
be autonomous, isolated or fonning a micro-grid. The size can be variable, from a few kW to 
many MW. The main reasons that lead these systems to be isolated from the main grid are: 

• Far from grid. 
• Difficult terrain. 
• Size of load. 
• Distance = high losses, poor quality of supply. 

Moreover, it should be considered that 2 billion people, one-third of the world's population, do 
not have access to a reliable electricity supply and 300 000 houses in Europe have no access 
to the grid. 

Hence the topic of ensuring electricity to remote locations is particularly important and 
the use of renewable energy sources supported by storage solutions is attractive because the 
widely used alternative (diesel generator) is polluting and expensive. The stand-alone wind 
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Figure 9.26 Back-to-back control setup developed for testing stand-alone/grid-connected operation 

Table 9.1 Data of the small wind 
turbine designed for the Gaia project 

Rated power 11 kW 
Hub height 18.2m 
Rotor diameter 13m 
Rotor speed 56rpm 
Total weight 2400 kg 
Nacelle weight 900kg 
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Figure 9.27 Wind turbine controller for the Gaia project 

9.5.3 Droop Control 

2JI 

8 

The power sharing among different sources that feed a group of loads through a grid or micro­
grid can be better managed using the so-called 'droop control' and all its derivatives [17-20]. 
The basic idea is to reproduce the characteristic of the synchronous generators connected to 
a steam/water turbine regulated through a speed governor, which are controlled such that the 
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Figure 9.28 A multiloop, again with the AC voltage external and AC current internal. The interesting 
thing is that the management of the DC voltage is in charge of the controlled storage unit ESS 
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Figure 9.29 (a) Power flow through a line and (b) a phasor diagram 

frequency decreases as the fed active power increases and the voltage amplitude decreases as 
the fed reactive power increases (21). 

This principle can be explained by looking at the power transfer between two sections 
of the line connecting a DG converter to the grid. This can be derived using a short-line 
model and complex phasors. The analysis below is valid for both single-phase and balanced 
three-phase systems. Referring to Figure 9.29, the active and reactive power flowing into the 
line at section A are 

(9.40) 

(9.41) 

where 8 is the power angle and 0 is the power factor angle at section A. As Z cos 0 = R and 
Z sin0 == X equations (9.40) and (9.41) are rewritten as 

Hence 

PA== 
2

VA 
2
[R(VA-Vscoso)+XVBsin8] 

R +X 
VA [ . r QA== 

2 2 -RVB smo + X(VA - VB cos 8] 
R +X 

(9.42) 

(9.43) 

(9.44) 

(9.45) 

When the DG inverter is connected to the grid through a mainly inductive line (transmission 
and three-phase distribution line), X » R, R may be neglected. If also the power angle o is 
small, then sin o ~ 8 and cos o ~ 1. Equations (9 .44) and (9 .45) then become 

0 = XPA 
VAVB 

VA - VB= XQA 
VA 

(9.46) 

(9.47) 
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Figure 9.30 Q/ V and P / f droop control characteristics 

For X >> R, a small power angle o and a small difference VA - V8 , equations (9.44) and 
(9.45) show that the power angle depends predominantly on the active power, whereas !he 
voltage difference depends predominantly on the reactive power. In other words, the angle 8 
or the frequency J can be controlled by regulating the active power P whereas the inverter 
voltage VA is controllable through the reactive power Q. 

Assuming to have a load or a micro-grid fed by several DG sources, since it is not possible 
to have DG sources with exactly the same frequency and amplitude, the choice of paralleling 
several units will lead to an uncontrolled active/reactive power flow depending on !he small 
differences in their frequencies and amplitudes. On the contrary, if a choice is made to control 
them as a function respectively of the produced active and reactive power, the overall system 
will find an equilibrium point that will guarantee proper power sharing as a function of the 
control characteristic. 

In fact, assuming the use of these control laws, depicted in Figure 9.30, 

J - Jo = -kp (P - Po) 

V - Vo= -kQ (Q - Qo) 

(9.48) 

(9.49) 

where Jo and Vo are the rated frequency and voltage respectively, while Po and Q0 are 
the set-points for active and reactive DG powers. The micro-grid will find a working point 
characterized by a V, J working point that will force the DG units to feed P, Q depending on 
the adopted coefficients kp and kQ, 

However, low-voltage distribution lines have a mainly resistive nature. Hence, when a DG 
converter, like a PV inverter, is connected to a low-voltage grid the resistance R can no longer 
be neglected. On the contrary, often X may be neglected instead of R and the droop regulation 
defined by (9 .46) and (9 .4 7) is no longer effective since adjusting the active power P influences 
the voltage amplitude while adjusting the reactive power Q influences the frequency. In the 
general case both X and R have to be considered to regulate the voltage and the frequency 
droop optimally. 

The droop control can be implemented directly, using (9.48) and (9.49), or indirectly by 
measuring frequency and voltage and imposing the active/reactive power set-point to each of 
the DG units. Moreover, the droop control can be adopted without a current control loop, with 
a current control loop and with a multi loop approach (Figures 9 .31 ). Further improvemenls can 
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Figure 9.31 Inverse and direct droop control with a current loop and multiloop respectively 

be obtained using the 'impedance emulation' approach, which allows a hot-swap of different 
sources to the grid or micro-grid, thus reducing current overshoot (Figure 9.32) [19]. 

9.6 Summary 

This chapter has investigated the main control structures used for the grid converter adopted 
in wind turbine systems. The control of a grid converter in the WTS is characterized by three 
levels: the first is the inner current and/or voltage control loop, the second is the control of active 
and reactive power that is the subject of this chapter and the third is the supervisory control 
that decides the active and reactive power set-points. The second level could be enhanced in 
order to deal with unbalance and to provide a voltage sag ride-through capability, but this goes 
behind the scope of this chapter and will be treated in Chapter l 0. The focus of this chapter has 
been on the control of the first harmonic active and reactive power that is the main task of the 
second-level control. The control structures have been classified as those based on the voltage 

C 

Modulator Impedance 
emulation 11-'1'----~ 

Droop 
control 

Figure 9.32 Droop method via the impedance emulation 
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oriented control approach and those based on the direct power control approach. Moreover, it 
has been shown that the active and reactive power control can be performed in open or closed 
loops. Finally, it has been discussed how the control structures can be modified in order to 
allow stand-alone or micro-grid operation. 
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figure t0.1 Simplified diagram of a grid-connected active rectifier 
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Ysten,s 
~ 

According to the instantaneous power theory [I], the instantaneous active and reactive pow 
resulting from the interaction of these generic voltages and currents can be obtained ~s 
respectively calculating their inner and cross product, as follows: Y 

p = v • i; q = Iv xii 
00.3) 

As explained in reference [I], the instantaneous powers resulting from (10.3) when th 
voltage and current is expressed in terms of sequence components consist of both constant a ; 
oscillatory terms, given by n 

3 00 
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00
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q = Qo + Qci cos (2wt) + Qsi sin (2wt) 
(10.8) 
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where Po an~ Qo are _the ave_rage values_ of the instantaneous active and reactive powers 
Sociated with the active rectifier respecttvely whereas p p Q d Q as . . . ' ci, si, c2 an s2 represent the 

magnitude of the osc1llatmg tenns m these instantaneous powers In mo t f th . . 
• ·th fl · • s o e existing 

studies dealing WI power ow m power converters under unbalanced grid conditions [2,4], 
the voltages and the currents to calc~late these power magnitudes are expressed on synchronous 
reference frames. Hence, the amphtude of these power magnitudes can be calculated as 

3 
Po= 2 (vJij" + v:i: + v;;;;; + u;i;) 

3 
Pc2 = 2 (v;iit + v;i: + vji;; + u:i;) 

3 
Ps2 = 2 (v; it - v;ii:- v:ii + vJi;) 

Q 3 ( +·+ +·+ + -·- - ·-) 
0 = 2 Vq l d - vd lq vq Id - vd ' q 

3 
Qc2 = 2 {v; ;;; - v;;i: + v:ii - vJi;) 

3 
Q s2 = 2 (-v;;iJ- v;;i: + vj\1 + v:i;) 

( 10.10) 

(10.11) 

(10.12) 

(10.13) 

(10.14) 

(10.15) 

where vJ, ut and id , it are calculated by means of the Park transfonn [5] and represent the dq 
components of the positive-sequence voltage and current vectors expressed on a synchronous 
reference frame rotating at the fundamental grid frequency w, whereas v;;, u;; and i;j, i;j are 
the components of the negative-sequence voltage and current vectors lying on a synchronous 
reference frame rotating at -w respectively. 

One of the main objectives in the control of active rectifiers is to provide a constant DC 
out~ut vo1tage. Oscillations in the DC output voltage are directly associated with the energy 
variation in the DC- bus capacitor, which is linked to the difference between the input and the 
output active powers associated with the active rectifier. Therefore, to guarantee a constant 
DC output voltage under constant load conditions, it is necessary to calculate the proper set 
of AC currents to be drawn by the active rectifier in order to guarantee that the active power 
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l .th no power oscillations under generic . • h stant va ue WI absorbed by the active rectifier as a con . . the calculation of the currents to be 
grid conditions. As four degrees of freed~~1 ~:'~~'~-] four of the six power magnitudes 
inJ·ected by the power converter, namely [id ' 

1
q '

1
d '.

1
q ' 'd voltage conditions defined by 

b t oiled for given gn ' 
defined by (10.10) to ( 10.15) can . econ r I f active rectifiers under unbalanced grid 
[ vj' v:, vd' v;]. Many of the studies on thetontro ~erms in the following matrix expression: 
voltage conditions [3,6, 7) have collected sue 1 power 

v+ v+ vd v; ·+ 
Po Id d q 

v+ +I v; -Vd ·+ 
Qo 3 q -Vd lq 

( 10.16) - 2 vd v; v+ v+ 
ld Pc2 d q 

Ps2 v; -Vd -v+ q 
v+ 

d i; 

/,f4w4 

By inverting the matrix M 4x4 in the system depicted i~ ( 10.16), it .is possible to find the 
current set-point that gives rise to a certain value of the active and reactive power components 
for given grid voltage conditions, i.e. 

·+• 
ld Po 

·+• 
-1 2 Qo lq 

(10.17) 
·-• = M 4x4 X 3 

Pc2 Id 

·-• lq Ps2 

Therefore, from ( I 0.17) it is possible to calculate the currents to be drawn by the converter 
that would give rise to a certain value of Po and Qo, while also cancelling out the active 
power oscillations terms, Pc2 and P s2, under unbalanced grid voltage conditions. These power 
requirements can be fulfilled by finding the current references as shown in (10.18), where Qo 
has been intentionally considered equal to zero: 

·+• Id Po 
·+• 

-1 2 0 lq 

·-• = M4x4 X 3 
0 

(10.18) 
ld 

·-• lq 0 

The expression shown in ( 10.18) for setting the current references has been extensively used 
in the literature [7-9] and, although other alternative approaches have been presented more 
recently [IO], the conclusions obtained give rise to analogous results. In other studies, the 
power losses associated with the link filter between the power converter and the grid are also 
considered in the calculation of the reference currents [6, 11]. Nevertheless, all these works 
mainly focus on attenuating active power oscillations but the analysis of the reactive power 
oscillations is normally beyond their scope. 
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In parallel with the discussion regarding the regulation of the currents to be injected by grid­
connected converters in order to keep the active power constant during unbalanced voltage 
conditions, several studies started to stress the importance of proposing new operation modes 
in order to achieve additional features. Some of the first works in this area were focused on 
proposing control laws oriented to determine the currents to be drawn by active rectifiers for de­
livering active and reactive power according to a certain power factor, while cancemng out the 
instantaneous active power ripple [6]. Actually, there exist infinite combinations for the currents 
to be injected into the grid by a three-phase grid-connected power converter in order to develop 
certain net values of active and reactive powers, Po and Q0, under given grid voltage conditions. 
Therefore, depending on the control objective, e.g. perfect control of the instantaneous active 
and reactive powers, cancellation of injection of active and reactive power oscilJations, injection 
of sinusoidal and balanced currents into the grid, etc., different expressions can be proposed 
to calculate the currents to be drawn by the grid-connected power converter to exchange given 
averaged values of active and reactive powers [12-16]. The calculation of these currents can 
be conducted from a generic point of view, considering any power flow direction, which covers 
power converters used in both active rectifiers and inverters, expressing voltage and current 
vectors on any generic reference frame (dq, af3, abc, mL.0, . . . ) and paying equivalent attention 
to the evolution of the instantaneous active and reactive powers, which allows controlling not 
only the quality of the voltage on the DC side of the power converter but also the interaction 
with the grid on its AC side. This last feature is a key issue in the control of distributed 
generators during unbalanced grid faults [14], as pointed out at the beginning of this chapter. 

Once it is assumed that the reference currents to exchange a given power with the grid under 
generic voltage conditions are properly calculated, it is necessary to have a suitable current 
controller that is able to inject such currents into the grid. The current control loop struc­
tures proposed for tracking the current references obtained in (10.18) have been significantly 
improved throughout the years. The first works presented in the 1990s proposed the imple­
mentation of a single PI current controller on the positive-sequence synchronous reference 
frame for tracking both positive- and negative-sequence reference currents, which was not an 
optimal solution [6, 11]. 

Later, by the end of the 1990s, other works introduced two control loops, one for the 
positive-sequence and another one for the negative-sequence currents [4]. As a difference 
with the single-loop controller, this structure permitted an increase in the perfonnance of 
the control and a reduction in the steady state error, without hindering the stability of the 
system. In this kind of double reference frame regulator, the feedback currents are projected 
on both the positive and the negative reference frames, by means of the Park transformation, 
in order to control the positive- and negative-sequence current vectors independently. As will 
be explained in Section I 0.3, the interaction between current vectors and reference frames 
with different sequences gives rise to oscillations at twice the fundamental frequency in the 
dq signals obtained from the Park transfonnation. Since this oscillatory signal cannot be 
suitably controlled by the Pl regulators of the conventional synchronous controllers, some 
authors proposed using a notch filter tuned at twice the fundamental frequency to attenuate 
such oscillations [4]. Another solution for reducing the effect of these oscillations is based 
on modifying the conventional loop control by adding some additional resonant regulators 
specifically focused on reducing the steady-state error generated by the PI controller at twice 
the fundamental frequency [6, 11]. Some other decoupled controllers suitable to work under 
unbalanced conditions are discussed in Section 10.3. 
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• th t controllers based on the double synchronous reference frame As an altemat:J.ve to e curren , 
II .: on the stationary reference frame have been shown to be an resonant contro ers operaung . 

u · 1 · l t the currents inJ· ected by the gnd-connected power converters under euect:J.ve so unon to regu a e 
unbalanced and distorted grid operating conditions [ 17, 18]. These control~~rs are based on 
frequency adaptive filters, which exhibit the same performance for both pos1t1ve and negative 

frequencies. . . 
Other solutions not based on vector-oriented control (VOC), for mStance based on hysteresis 

current controllers [ IO, 19], direct power control methods [20, 21] and model-based ~redictive 
control [22], can also be used to control grid-connected power conve~ers operating under 
generic grid conditions. Among these solutions, those based on hysteresis are robust and offer 

a fast dynamic response [23]. 
In the framework of this short overview about control of grid-connected converters under 

unbalanced grid voltage conditions, it is mandatory to point out two relevant issues that all, 
classical and modem, techniques have in common. On the one hand, it is necessary to stress 
that the successful performance of any current controller of grid-connected converters greatly 
depends on the accuracy of the grid synchronization system used [24]. In single-phase systems, 
the amplitude and phase angle of the grid voltage should be accurately estimated to achieve the 
expected instantaneous exchange of power with the grid. In the case of three-phase systems, 
the synchronization requirements are even more severe, since the symmetrical components of 
the grid voltage during unbalanced grid faults should be perfectly estimated to achieve a proper 
control of the positive- and negative-sequence currents injected into the grid. Several advanced 
grid synchronization techniques, able to provide good results under generic grid voltage 
conditions, were presented in Chapters 4 and 8 for single- and three-phase systems respectively. 

On the other hand, depending on the desired performance for the instantaneous active 
and reactive powers exchanged with the grid, the reference current generated by the current 
controller during unbalanced grid faults may be balanced, unbalanced or even distorted. As 
a consequence, the current injected by the grid-connected power converter is prone to be 
different from phase to phase. For this reason, one additional crucial issue to be controlled in 
grid-connected converters is the instantaneous evolution of the currents injected by the power 
converter in each phase of the grid in order to avoid any undesired overcurrent tripping. 

10.3 Control Structures for Unbalanced Current Injection 

The current injected into the grid by a power converter should keep a certain relationship 
with the voltage at the point of connection in order to deliver a given amount of active and 
rea~tive po~er. For this reason, the structure of the current controller is a key issue in the 
d~s1gn of gnd-connect~d _power converters. Under grid faults, the injected currents are very 
d1~erent fro_m ~e ones J~Je~ted ~uring regular operating conditions. In single-phase systems, 
gnd fa_ults give nse t~ variations m the amplitude and phase angle of the single-phase voltage at 
the pomt of connect10~ of the power converter. As a consequence, the power converter should 
also change the amplitude and phase angle of the injected current in order to ride through 
the f~ult. Usually, conve?tio~al current controllers used in single-phase applications are able 
to withstand properly this kind of faults. As commented in Chapter 8, faults in three-phase 
~y~tems ~reate unb~lanc~d v~ltages. Depending on the control objectives, the currents to be 
JOJected mto the gnd might include negative-sequence components to thwart the effects of 
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