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Suggested Grid Code Modifications to Ensure Wide-
Scale Adoption of Photovoltaic Energy in Distributed
Power Generation Systems

Yongheng Yang, Student Member, IEEE, Prasad Enjeti, Fellow, IEEE, Frede Blaabjerg, Fellow, IEEE, and
Huai Wang, Member, IEEE

Abstract— Current grid standards seem to largely require
low power (e.g. several kilowatts) single-phase photovoltaic (PV)
systems to operate at unity power factor with maximum power
point tracking, and disconnect from the grid under grid faults by
means of islanding detection. However, in case of a wide-scale
penetration of single-phase PV systems in the distributed grid,
the disconnection under grid faults can contribute to: a) voltage
flickers, b) power outages, and c) system instability. In this
paper, grid code modifications are explored for wide-scale
adoption of PV systems in the distribution grid. More recently,
Italy and Japan, have undertaken a major review of standards
for PV power conversion systems connected to low voltage
networks. In view of this, the importance of low voltage ride-
through for single-phase PV power systems under grid faults
along with reactive power injection is studied in this paper. Three
reactive power injection strategies are discussed in detail.
Simulations are presented for a PV power system with low
voltage ride-through capability and ancillary services. An
example of a full-bridge single-phase grid-connected system is
tested experimentally to demonstrate the potential benefits.
Moreover, a summary of the grid codes for advanced PV systems
with the discussed features is presented.

Index Terms—Gvrid requirements; photovoltaic systems; low
voltage ride through; ancillary services; grid support; reliability

1. INTRODUCTION

Due to the declining photovoltaic (PV) module price and
the strong feed-in tariff policies for grid-connected PV power
systems in different countries, the global cumulative PV
capacity hit a new record by the end of 2012, now being more
than 100 GW, which is shown in Fig. 1 [1]-[6]. This strong
market is mainly shared by the European countries, such as
Germany, Spain and Italy, in contrast to other countries like
China, Japan and the United States. However, recent reports
show that those countries have set ambitious goals for the next
few decades to accept high penetrated PV systems as a part of
the renewable energy systems [2]. Even Denmark, which has
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Fig. 1. Evolution of global accumulative photovoltaic capacity (GW) from
2000 to 2015 (data source: www.epia.org).

limited sunshine in the winter, is accelerating the pace of PV
installations and reshaping the future renewable energy
structure. Moreover, Japan has set a national goal of 60 GW of
PV capacity by 2030, and the total installed PV capacity in
U.S. reached 3.3 GW in 2012 with California being the leading
state in PV development and installation [4]-[6]. Thus, there
are increasing worldwide expectations for energy production
by means of renewable energy resources, such as solar (PV)
energy and wind power systems. However, the high penetration
level of PV systems also imposes new challenges for the
Distributed System Operators (DSO) and the end-consumers,
leading to the discussion of appropriate adoption of PV power
systems and modifications of current active grid standards.

Currently published PV grid requirements are designed to
guide the PV integration with distributed grids based on a low
penetration level of PV systems. In fact, the PV market has
been dominated by residential applications with low rated
power [7], [8]. For example, in Germany, nearly 70% of all PV
installations are connected to the low voltage grid [9]. In this
case, those guidelines defined in the grid codes are valid for
such applications and include some basic demands for PV
systems [10], [11]. For instance, in the IEEE Std 929-2000, the
Total Harmonic Distortion (THD) for the injected grid current



should be lower than 5% in normal operation mode to avoid
adverse effects on other equipment connected to the grid [10].
Moreover, the boundaries of the grid voltage and frequency are
also specified. In response to the abnormal grid conditions, the
PV systems are currently in those grid requirements required to
disconnect from the distributed grid for safety concern [12]-
[27], which is also known as the islanding protection.

However, the impacts of the disconnection from the
distributed grid recently gained increased attention from the
DSOs and the PV inverter manufacturers, especially when a
very high penetration of PV power conversion systems is
coming into reality. In light of this thriving situation, a typical
anti-islanding disconnection may impose severe challenges for
the whole power system, especially for the end-consumers’
equipment. For instance, an anti-islanding operation that results
in the disconnection of PV systems may cause voltage flickers,
low voltage and power quality problems for the customers,
leading to the loss of customers’ money and the necessity to
limit the PV integration for DSOs [12], [27], [31].

Thus, it is necessary to rethink the appropriation of the
current active grid codes in respect to the operation modes
under grid faults. Further, if the PV power conversion systems
can provide ancillary services, such as reactive power support
and Low Voltage Ride-Through (LVRT) capability, it can
contribute to increased system stability [12], [13], [27], [30]-
[50]. The resulting system can be devoid of voltage flickers
and power quality issues. In the presence of many “actively”
controlled multi-functional PV power conversion systems,
there is no need for a DSO to limit the PV integration into the
grid. Furthermore, by a thermally optimized operation, im-
provements of the overall system reliability can be achieved, as
reported in recent studies [12], [51]-[60]. Therefore, the next
generation PV systems are expected to be multi-functional with
LVRT capability and the provision of reactive power in
different operation modes.

In view of the above, it is inevitable for the international
standard committees or national organizations to explore new
grid codes or to modify the present active grid standards. Based
on this discussion, the aim of this paper is to provide an
overview of the current grid requirements, especially for low
voltage PV applications in § II, followed by focuses on the grid
code modification recommendations for the next generation
multi-functional PV systems. A summary of the grid codes for
advanced PV systems including the modification and
implementation considerations is given after the discussion.
Further, in § IV, operational examples are presented to
demonstrate the potential benefits of PV power conversion
systems with LVRT and reactive power injection capability.
Simulations are presented for a PV power conversion system
with LVRT capability and ancillary services. An example of a
full-bridge single-phase grid-connected system is tested
experimentally to demonstrate the potential benefits.

II.  EVOLUTION OF PV GRID CODES

The grid-integration requirements are the essential
guidelines for the design, control and operation of grid-
connected renewable energy systems, including single-phase
PV systems. Based on a low penetration level of PV systems,
the grid standards initially addressed elementary demands for
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Fig. 2. Basic grid requirements: (a) response to abnormal grid voltage
conditions and (b) current harmonics requirements defined in IEC 61727 for
PV power systems with rated power lower than 10 kW considering low

penetration level [11].

3rd_9(h

such systems. For example, most of the grid-connected PV
systems should cease to energize the local loads in the case of
grid transient disturbances, e.g. voltage sags [9]-[11]. In normal
operation, the PV systems are required to produce as much
energy as possible with satisfactory injected grid currents,
which is shown in Fig. 2 - an example of IEC 61727. Those
grid requirements, including anti-islanding protection, are
introduced to ensure the safety of utility maintenance
personnel, to protect the equipment, and also to guarantee the
utility stability [27].

As previously illustrated, PV systems are dominantly
connected to low-voltage and/or medium-voltage networks [7],
[8], which is different from conventional power plants or large
wind power farms. In the low penetration level scenario, the
current active grid requirements could be valid. The influence
of electricity generation from PV systems on the electrical
systems has been proven negligible.

Nevertheless, in a high penetration level scenario, grid-
connected PV systems will impose new challenges to the dis-
tributed electrical network. The impact lies in two aspects: one
is due to the intermittent nature of PV sources [31] and the
other is due to the disconnection of PV systems from the
distributed grid in response to abnormal grid conditions.
Therefore, it may induce the instability of the entire electrical
network, leading to a blackout and a power grid failure, and
thus could cause severe consequences in the customer loads.
To overcome the above issues, the present grid requirements
are expected to be upgraded with combined standardized
features and custom demands. Several previous studies have
demonstrated the potential of PV systems to play an active role
in the regulation of distributed grids as what conventional



power plants do today [12], [17]-[27], [30]-[32]. Moreover,
PV systems can provide ancillary services to effectively
mitigate the challenges related to intermittency [31].

Today, several countries have already modified their grid
codes for medium- or high-voltage renewable energy systems,
and a few countries have also published similar requirements
for low-voltage applications. For instance, the German grid
code requires that the systems connected to the medium- or
high-voltage networks should be capable of riding through
voltage sag and at the same time to provide reactive current to
the faulted grid [28]. In the new Italian grid code, it is required
that the generation units serving low-voltage grid with the
nominal power exceeding 6 kW should have the ability to ride
through grid voltage faults, regardless of single-phase config-
uration or multi-phase systems [29]. Recently, a study done in
Japan presented the LVRT requirements on PV systems
connected to single-phase low-voltage grids [30], [33]-[35].
Obviously, the challenges from high penetration PV systems
are being forecasted. Thus, the DSOs have given priority to
finding a solution in order to guarantee reliable and stable
operation of distributed power systems. Hence, current active
grid requirements need to be modified.

One major modification of grid standards is to allow the PV
power conversion systems to inject reactive power. This is
similar to the current active grid codes for wind turbine power
generation systems connected to the medium- and high-voltage
levels. In the modified grid codes, the single-phase multi-
functional PV systems serving low-voltage networks (feeders)
in the future should make a contribution to the network by
means of riding through grid faults and injecting reactive
power under voltage sags. The LVRT and grid support
requirements for future multi-functional PV systems can be
summarized as shown in Fig. 3 and Fig. 4. When the grid
voltage level is higher than the specified ones defined in Fig. 3,
the PV systems should maintain connected to the distributed
grid and inject reactive power to support the grid during
LVRT. Additionally, some of the basic requirements (e.g.
power quality) are likely to be more stringent in the future,
since the multi-functional PV systems are able to provide
ancillary services — voltage flickers mitigation, harmonics
suppression and reactive power compensation.

III.  SUGGESTIONS ON PV GRID CODES MODIFICATIONS

The tendency for the next generation multi-functional PV
systems discussed in § I and § II features with LVRT capabil-
ity, grid support functionality and intelligent ancillary services.
In order to fulfill those advanced features for future high
penetration scenario, the existing active PV grid standards need
to be reexamined and updated accordingly based on the
following main considerations [12], [14]:

«» Reactive power control (voltage support);

< Frequency control through active power control;
«» Dynamic grid support capability; and

< High efficiency and high reliability.

A. Reactive Power Control (Voltage Support)

Voltage rise on distributed feeders has been observed as
one of the major issues brought with highly PV-penetrated
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1. The German low voltage ride through requirement is defined for medium-
and/or high-voltage applications [28];

2. The PV systems with total power exceeding 6 kW should have low
voltage ride through capability in Italy [29];

3. The Japanese low voltage ride-through requirements are proposed in [30]:
(@ before 2016 and (2) after 2016;

4. The PV systems must trip in the shaded area to avoid islanding mode
according to IEC standard [11].

Fig. 3. Low voltage ride-through requirements in different counties and the
anti-islanding requirement for small PV units defined by IEC.
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Fig. 4. Reactive current injection requirements for medium- and/or high-
voltage systems defined in E.ON grid code [28].

systems due to the reverse power flow towards upstream
voltage levels [4], [4], [9], [17]-[20], and the power difference
between PV systems and load demands. One possibility to
solve this is to directly reduce the PV output power when the
distributed grid line voltage hits the upper limitation, e.g. 1.06
p-u. (107 V) in Japan and 1.03 p.u. in Germany [14]. It implies
that the PV systems should be capable to operate with a
controllable active power generation, and thus may including a
remote control function in the future grid codes. This further
requires enhanced monitoring and communication.

Another solution is to allow the PV system to inject
reactive power into the distributed grid. Since PV systems are
usually designed with reasonable margins and are operated
under partial loading conditions, there is a room for reactive
power injection to keep the voltage at a desirable level.
However, the amount of the reactive power that a PV inverter
can deliver to the grid depends on the inverter apparent power
(rated current value, l4eq), Which is illustrated in Fig. 5. In
normal operation mode with Maximum Power Point Tracking
(MPPT), the maximum output reactive power of a single-phase
PV inverter is calculated as:
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in which QOmax is the maximum output reactive power, Smax 1S
the maximum apparent power for the inverter and Ppyappr 1S
the maximum active power with MPPT control.

It should be noted that the injection of reactive power to the
grid induces a redistribution of the power losses, thus, the
thermal stresses, among components in a PV inverter.
Therefore, the impact of the injected reactive power on
reliability performance of the PV inverter should also be taken
into account, allowing an optimal selection of the reactive
power level [58].

As a matter of fact, there have been some grid requirements
for a very high penetration level of PV systems to activate
reactive power control in order to support the grid [9], [14],
[17]-[21]. For example, all PV systems in Germany connected
to either low- or medium-voltage grids are required to be able
to provide reactive power [14], but at the same time, the min-
imum power factor should be satisfied. With this power factor
constraint, several reactive power control approaches are
available for highly integrated PV systems, such as fixed cosg,
fixed QO and Q (U) droop function methods [14], [19], [62]. In
the future, similar requirements are expected to be enhanced
and imposed on low voltage PV systems in order to host more
PV capacity, since they are able to participate in the reactive
power management [63], [64]. As for single-phase low power
PV systems, being the typical configurations, the voltage
support by controlling reactive power can be achieved at the
substation side or integrated in advanced PV inverters. Those
possibilities require more investigations from an operational
and economical point of view. Thus, more intelligent and ad-
vanced control strategies have to be developed and imple-
mented, and then integrated in the grid codes.

B. Frequency Control through Active Power Control

Recent studies show that the disconnection due to uninten-
tional islanding protection might introduce instability prob-
lems, e.g. power outage, when the penetration level is very
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Fig. 6. Possible hardware solutions for single-phase grid-connected PV
systems with low voltage ride-through capability: 1. modify MPPT, 2. use DC
chopper, and 3. use energy storage systems.
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high [9], [17], [21]-[26]. Hence, the suggested modifications
of PV grid standards should require next-generation PV
systems to provide frequency control functionality in order to
ensure the grid stability. The frequency control can be realized
by reducing the active power output as it has already been
defined in the German grid codes. It is stated that the reduction
of active power has to be activated with a gradient of 40 %
generated active power P per Hz, when the grid frequency is
within a range (50.2 Hz to 51.5 Hz) [17], [21].

Meanwhile, due to the intermittent nature of PV sources, the
output power of a PV system is significantly dependent on the
environmental conditions, and will fluctuate when it is fed into
the grid. Consequently, a large amount of fluctuated power
will contribute to frequency variations or even instability of the
power grid. As the capacity of a single PV system is
continuously growing, and thus the penetration level, the
frequency fluctuation owing to intermittency will become even
serious. Therefore, it calls for enhanced frequency control
requirement integrated in the modified grid codes for future PV
system in order to enable a more wide-scale adoption of PV
power.

C. Dynamic Grid Support

The dynamic grid support capability for the next generation
PV systems is mainly focused on LVRT and reactive current
injection under voltage faults [13], [27]-[30], according to the
requirements in Fig. 3 and Fig. 4. The objectives of dynamic
grid support are: a) to prevent the inverter from over-current
shutdown and b) to support the grid voltage during recovery.
Unlike three-phase wind turbine systems, the low voltage PV
systems serving single-phase lines have much lower physical
inertia as the energy storage is currently limited. However,
without dispatching the active power (to reduce active power
generation), the power devices might be overheated due to
increased currents when the system goes into LVRT operation.
To avoid this, the power should be dispatched by: a) modifying
the MPPT control, b) activating the DC chopper to absorb
power and ¢) managing power exchange between PV systems
and the energy storage systems, which are illustrated in Fig. 6.

The transient performance of single-phase PV systems
during LVRT is affected by the grid fault detection (i.e. the
monitoring system), the synchronization and the control
system. A fast fault detection can improve the LVRT perfor-
mance. By modifying the MPPT, the PV output power can be
reduced; while by adding a DC chopper at the DC-side, during



the voltage sag, the additional active power is dispatched on the
resistor, which allows injecting the required reactive power
without tripping the inverter over-current protection. Both
methods lead to the loss of energy production. Actually, the
lost energy can be absorbed by an energy storage system, but it
increases the control complexity with additional devices, and
thus the cost. Nevertheless, three alternatives can be adopted to
enhance the LVRT capability for single-phase PV systems seen
from a hardware point of view.

In respect to reactive power injection during LVRT, there
are four major control solutions available for three-phase
systems: a) unity power factor control, b) positive sequence
control strategy, ¢) constant active power control strategy and
d) constant reactive power control strategy [15], [16]. For
single-phase PV systems, the possible strategies for reactive
power injection are as follows [42]:

1)  Constant I (Peak Current) Strategy

For this control strategy, the injected grid current
level (Igmax) is kept constant (e.g., Igma=Iy, rated
current) under grid faults. The injected reactive current
is calculated according to Fig. 4. This control method
can prevent the inverter from over-current shutdown.

2)  Constant Active Current Strategy

Another control possibility during LVRT is to keep
the active current constant (e.g. I;=Iy). The injected
reactive current (/;) is proportional to the voltage sag
depth as it is shown in Fig. 4. Thus, the amplitude of
the injected current may exceed the inverter limitation
(Imax) under this control strategy. In order to avoid
inverter shutdown due to over-current, the following
condition should be fulfilled,

L+I<Iy )

For example, when I; = Iy, k = 2 p.u., the maximum
inverter current /> 1.41 Iy. Considering a large lnax,
the overload capability and the cost of the PV inverter
will increase.

3)  Constant Active Power Strategy

In order to deliver the maximum active power to the
grid during voltage faults, the active power can be kept
constant but also at the risk of over-current protection.
The inverter current limitation should be considered
during the design of the PV inverters.

The injected grid current under grid faults using the above
control strategies can be plotted as shown in Fig. 7. As a
result, by using one of the reactive power injection strategies,
the PV systems can fulfill the requirements, which should be
modified based on the above concerns.

On the other hand, integrating the LVRT function into the
next-generation PV inverters covering a wide application
range is a key way to further increase the PV hosting capacity
[13], [14], [46], [49]. Hence, it is recommended that the grid
codes should focus more on the LVRT capability for PV
systems in order to enhance the system stability during grid
faults. Such requirements have been in effectiveness in some
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countries, e.g. Italy. It is going to be further extended to other
PV systems, even PV modules as it has been discussed in [13].
However, the implementation of LVRT is against anti-
islanding requirements, e.g. IEEE Std 1547. Hence, it is
suggested that the anti-islanding requirement should be
extended in order to incorporate the fault ride-through
capability, as it is demonstrated in Fig. 8.

D. High Efficiency and High Reliability

Achieving high efficiency and high reliability is always of
intense interest in order to reduce the cost of energy and extend
service time. The transformerless PV inverters with high
efficiency have gained much popularity in Europe. However,
the removal of the transformer also introduces side effects,
such as lack of galvanic isolation and the abilities of fault ride-
through and reactive power injection [42].

By adding extra power devices either at the DC side (PV
panel side) or at the AC side, the isolation problems can be
solved. However, this may impose new challenges for the
reliability of the whole PV system in different operation
modes. Possible solutions to increase the reliability can be done
by means of proper component selection (considering rated
power, advanced packaging technologies, the most stressed
situations, the severe users), effective thermal management,
robustness design and validation [51], [55]-[59], [61].
Moreover, a better knowledge of the operating conditions, e.g.
temperature, irradiance, and humidity, can contribute to better
design and operation of the entire PV system. Thus, these



Table I

SUMMARY OF GRID CODES FOR ADVANCED PV SYSTEMS CONNECTED TO LOW VOLTAGE GRID AT A HIGH PENETRATION LEVEL.
LEGEND: ¥ -- NO SUCH ABILITY/REQUIREMENT, v -- WITH THE ABILITY, MORE MEANS HIGHER REQUIREMENT.

Grid-Integration Features Conventional PV Systems

Next-Gen. PV Systems at a

Remarks

(medium- / low- voltage) High Penetration Level (grid code revision considerations)
Remote set-point for power regulation should be
Active Power Control Vv Y extended to low voltage systems. Even more
(Power regulation, set-point by DSOs) stringent, e.g. constant power production (e.g.
80% of rated power) and power ramp limit.
Reactive Power Control Settings by DSOs are dependent on the power
(Volt-VAR control, Power Factor- PF VY 24 capacity of the PV systems. More reactive
adjustment) power provision strategies, e.g., constant PF.
Frequency support through active power droop
Frequency Control Y v control (e.g. 40% power reduction) is active in
(Freq.-Watt control) some countries. Focuses should be paid to solve
intermittency issue.
PV systems have the ability to support the grid
dynamically associated with reactive power
Dynamic Grid Support v x L m]e;:.tlotr}. This should be enhanced for éll w1Zde
(Fault ride-through functionality) applica 19n range to secure power supp y.‘ Cero-
voltage ride-through and recurring fault ride-
through capabilities are also emerging features
for PV systems.
Anti-Islanding Protection v v Should be compatible with fault ride-through.
More decentralized grid requires an
hancement of energy reserve, which can be
V% v en &y g
Energy Storage Enhancement / performed by PV systems. It is also a way to
produce power more locally.
H. t t h i t li
Monitoring and Communication v Y ave to be even strengthened in order to realize
the above features.
Adoption of advanced power devices.
Efficiency and Reliability v v Reliability should also be improved to reduce

aspects should be taken into consideration in the design
process and also during the field operation phase.

Besides, next-generation PV systems should be flexibly and
appropriately integrated with other systems, e.g. electrical
vehicle systems, energy storage systems, smart grids and
micro-grid systems. Proper deployment of those systems into
PV systems has brought significant benefits to the grid [18],
[22]-[25], [65], [66]. They also have to be able to switch into
short-term islanding operation mode smoothly in order to
secure power supply, as it is shown in Fig. 8, and reconnect
after fault clearance, which means that the compatibility of
islanding detection and LVRT is also important for such
systems. By doing so, the future PV systems can provide
reactive power compensation and harmonic suppression
through intelligent power electronics systems and also more
advanced control methods [67]-[75]. Thus, the current active
PV grid standards are suggested to be modified according to
the above features, which are summarized in Table 1.

IV. OPERATION EXAMPLES IN COMPLIANCE WITH
MODIFIED GRID REQUIREMENTS

In this section, a single-phase grid-connected PV system
with LVRT capability is examined in compliance with the
suggested modifications of grid standards for the next genera-
tion PV systems at a high penetration level. Fig. 9 shows the

the downtime and thus cost of energy. Fault-
tolerant capability is suggested.
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Fig. 9. Hardware schematic and control diagram of a single-phase full-
bridge PV system with low voltage ride through capability.

topology and control structure of the single-phase PV system.
A voltage sag could be simulated by using a sag generator
formed by the switching resistors, Rs and R;. In order to test
the effect of operation modes on the reliability of the PV sys-
tem, the power losses and the thermal cycling on the power
devices of a 3 kW single-phase system are investigated firstly.
The ambient temperature is set as 50 °C and the reactive power
injection is based on single-phase PQ theory [27], [58]. The
proportional integrator current controller with harmonic com-
pensators is used to guarantee a good power quality of the
injected current according to the grid requirements defined in
[10] and [11]. The results are shown in Fig. 10 and Fig. 11.
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As shown in Fig. 10, the power losses on the switching
devices of a single-phase PV system are significantly reduced
in LVRT operation mode, which results in a lower mean
junction temperature as proved in Fig. 11. Moreover, the
temperature cycling amplitude is also reduced to 10 °C from
24 °C by means of thermally optimized operation (LVRT
operation with reactive current injection). Thus, with thermally
optimized control (LVRT control), the overall reliability of the
PV system is improved.

To demonstrate the ability of reactive power injection under
grid faults for the next generation PV systems, a 1 kW grid-
connected system has been examined in the laboratory based
on single-phase PQ theory [27], [41], [58]. The proportional
and integrator controller with harmonic compensators is
adopted to achieve high power quality of the injected current.
The test results are shown in Fig. 12.

During the LVRT operation, the single-phase system is
injecting reactive power into the distributed grid according to
requirements defined in Fig. 4. At the same time, the active
power is limited below the current limitation of the PV
inverter, which is shown in Fig. 12, in order to prevent inverter
shutdown from over-current (over-heat) protection. When the
voltage fault is cleared (the voltage amplitude goes to 90% of
the nominal value), the system returns to its normal operation
mode and it is injecting satisfactory current at unity power
factor. The experiments demonstrate the flexibility of a single-
phase system to provide multi-functions in the future. The
single-phase PO power control method in the test is effective
in terms of a fast dynamic response.

V. CONCLUSIONS

In this paper, several suggested grid code modifications to
ensure a more wide-scale adoption of photovoltaic energy in
distributed power generation systems have been presented. The
modifications should be carried out in the future with the
following considerations in order to increase PV hosting
capacity and also to reduce the cost of energy:

(1) Future PV grid standards should allow low-voltage PV
systems to be equipped with LVRT capability and
reactive power injection under grid faults.

(2) Suggested PV grid codes should enable the reactive
power control (to support voltage) and frequency con-
trol of next-generation multi-functional PV power
systems connected to low voltage grids.

(3) Both LVRT and reactive power injection modifica-
tions should be done with the purpose of keeping high
system efficiency and reliability.

(4) Modifications of both LVRT requirement and the
islanding protection should be carried out to make
them compatible with each other for the next genera-
tion PV systems.

(5) Requirements on monitoring, communication and
energy storage systems should also be strengthened in
order to achieve advanced functions.

With reference to LVRT control under grid faults, three
control strategies for reactive power injection have been
proposed and discussed: a) constant / strategy, b) constant
active current strategy, and c) constant active power control
strategy. Design concerns of the next generation PV inverters
have been explored as well. Regarding reactive power control
to support the grid voltage, it can be implemented either at the
distribution transformer side by changing the tap setting or
integrated in the PV inverters with advanced control strategies.
Those should be further investigated from an economical point
of view, and then appropriate solutions can be included in
future grid standards.

In summary, it has been shown that the next generation PV
systems should incorporate advanced functionalities to achieve
high penetration in distribution grids. To achieve this goal, the
current active grid standards have to be modified.

REFERENCES

[1] C. Winneker, "World’s solar photovoltaic capacity passes 100-gigawatt
landmark after strong year," [Online], Feb. 2013. Available:
http://www.epia.org/news/.

[2] EPIA, "EPIA- Photovoltaic Market Report, 2011," [Online], 2012.
Auvailable: http://www.epia.org/.

[3] K. Ogimoto, I. Kaizuka, Y. Ueda, and T. Oozeki, "A Good Fit: Japan’s
solar power program and prospects for the new power
system," [EEE Power and Energy Mag., vol. 11, no. 2, pp. 65-74, Mar./
Apr. 2013.

[4] J.V. Appen, M. Braun, T. Stetz, K. Diwold, and D. Geibel, "Time in the
Sun: the challenge of high pv penetration in the german electric
erid," [EEE Power and Energy Mag., vol. 11, no. 2, pp. 55-64,
Mar./Apr. 2013.

[5] P. Denholm, R. Margolis, T. Mai, G. Brinkman, E. Drury, M. Hand, and
M. Mowers, "Bright Future: solar power as a major contributor to the
U.S. grid," IEEE Power and Energy Mag., vol. 11, no. 2, pp. 22-32,
Mar./Apr. 2013.

[6] Greentech Media, Inc. and Solar Energy Industries Association (SEIA),
"U.S. Solar Market Insight 2012 Year in Review,” [Online], 2013.
Available: http://www.seia.org/cs/research/solarinsight.

[71 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, Sept.-Oct. 2005.

[8] D. Meneses, F. Blaabjerg, O. Garcia, and J.A. Cobos, "Review and
comparison of step-up transformerless topologies for photovoltaic AC-
module application," /EEE Trans. Power Electron., vol. 28, no. 6, pp.
2649-2663, Jun. 2013.




(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

< Voltage Sag -

< Voltage Sag —|

AN N
< 3000 V w - 7 3000 . /W"/_
g 2000 2000 IV
2 1000 Q 1000 rH Q 1\
g 0 A“Av.qv A Au O [\M
Y W v
-1000 -1000
120 S 120
110 ! 110
100 Sp=- \ 100
5 90 M\ m 920 Sy o
o AR Sk <
':: 8041‘ AAAAAANA UL D V"V\MM so,ﬂ Y. Py
JAUUIAR 5 21 D
70 A n ,\ NV 70 N0 W
N A NAA, ¥l
B0 NN NI acaonsazazazad B0 A AN e
5O ‘ ‘ ‘ T i =t ‘ ity
1.9 2.0 2.1 2.2 2.3 24 1.9 2.0 2.1 2.2 2.3 24
Time (s) Time (s)

(a) Without low voltage ride through control

(b) With low voltage ride through control

Fig. 11. Simulation results of a 3 kW single-phase full-bridge PV inverter with/without low voltage ride through control (constant / control strategy):
P: injected active power to the grid, O: injected reactive power to the grid, 7;: junction temperature, S - IGBT, D - diode, voltage sag depth: 0.45 p.u..

2y

@ 500V
@ 100V

- 5.00A .

J[ 40.0ms

25,0k5/5
10k poinls

@ / |[105ep 2012
~200mV [20:22:08

Fig. 12. Experimental results of a 1 kW single-phase grid-connected system in low voltage ride through operation modes:
grid voltage v, [100 V/div]; grid current i, [S A/div]; active power P [500 W/div]; reactive power Q [500 Var/div]; time [40 ms/div].

EPIA, "Connecting the Sun: Solar Photovoltaics on the road to large-
scale grid integration, " [Online], Sept. 2012. Available:
http://www.epia.org/news/publications/.

IEEE-SA Standards Board, "IEEE Std 929-2000: IEEE recommended
practice for utility interface of photovoltaic (PV) systems", Jan. 2000.
IEC, "Characteristics of the utility interface for photovoltaic (PV)
systems," Nov. 2002.

Y. Xue, K.C. Divya, G. Griepentrog, M. Liviu, S. Suresh, and M.
Manjrekar, "Towards next generation photovoltaic inverters," in Proc.
of ECCE, pp. 2467-2474, 17-22 Sept. 2011.

N.P. Papanikolaou, "Low-voltage ride-through concept in flyback
inverter-based alternating current-photovoltaic modules," [ET Power
Electron., vol. 6, no. 7, pp. 1436-1448, Aug. 2013.

M. Braun, T. Stetz, R. Brundlinger, C. Mayr, K. Ogimoto, H. Hatta, H.
Kobayashi, B. Kroposki, B. Mather, M. Coddington, K. Lynn, G.
Graditi, A. Woyte, and 1. MacGill, “Is the distribution grid ready to
accept large-scale photovoltaic deployment? State of the art, progress,
and future prospects,” Prog. Photovolt: Res. Appl., vol. 20, no. 6, pp.
681-697,2012.

F. Blaabjerg, R. Teodorescu, M. Liserre, and A.V. Timbus, "Overview
of control and grid synchronization for distributed power generation
systems," [EEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1398-1409,
Oct. 2006.

R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for
Photovoltaic and Wind Power Systems, John Wiley & Sons, 2011.

F. Marten, J. von Appen, and M. Braun, "German perspectives on future
energy system challenges by photovoltaic" [Online], Power Hub VPP
demonstrations day. Available: http://www.twenties-project.eu/, 24
Jan. 2013.

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

E. Romero-Cadaval, G. Spagnuolo, L. Garcia Franquelo, C.A. Ramos-
Paja, T. Suntio, and W.M. Xiao, "Grid-connected photovoltaic
generation plants: components and operation," /[EEE Ind. Electron.
Mag., vol. 7, no. 3, pp. 6-20, Sept. 2013.

T. Fawzy, D. Premm, B. Bletterie, and A. Gorsek, "Active contribution
of PV inverters to voltage control — from a smart grid vision to full-
scale implementation, " e & i Elektrotechnik und Informationstechnik,
vol. 128, no. 4, pp. 110-115, Apr. 2011.

E. Caamano-Martin, H. Laukamp, M. Jantsch, T. Erge, J. Thornycroft,
H. De Moor, S. Cobben, D. Suna, and B. Gaiddon, "Interaction between
photovoltaic distributed generation and electricity networks," Prog.
Photovolt: Res. Appl., vol. 16, no. 7, pp. 629-643, 2008.

B.-I. Craciun, T. Kerekes, D. Sera, and R. Teodorescu, "Overview of
recent grid codes for PV power integration," in Proc. of OPTIM 12, pp.
959-965, 24-26 May 2012.

I, Serban and C. Marinescu, "Enhanced control strategy of three-phase
battery energy storage systems for frequency support in microgrids and
with uninterrupted supply of local loads," IEEE Trans. Power Electron.,
early access, DOI: 10.1109/TPEL.2013.2283298, 2014.

H. Gaztanaga, J. Landaluze, A. Padrés, 1. Berazaluce, and D. Cuesta, "
Enhanced Experimental PV Plant Grid-Integration with a MW Lithium-
Ion Energy Storage System," in Proc. of ECCE’13, pp. 1324-1329, 15-
19 Sept. 2013.

V. Cecchi, S. Kamalasadan, J. Enslin, and M. Miller, " Grid impacts and
mitigation measures for increased PV penetration levels using advanced
PV inverter regulation," in Proc. of ECCE’13, pp. 561-568, 15-19 Sept.
2013.

M. Datta, T. Senjyu, A. Yona, T. Funabashi, and C.-H. Kim, "A
frequency-control approach by photovoltaic generator in a PV—diesel



[26]

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

hybrid power system," /EEE Trans. Energy Convers., vol. 26, no. 2, pp.
559-571, Jun. 2011.

H. Xin, Y. Liu, Z. Wang, D. Gan, and T. Yang, "A new frequency
regulation strategy for photovoltaic systems without energy storage,"
IEEE Trans. Sustainable Energy, vol. 4, no. 4, pp. 985-993, Oct. 2013.
Y. Yang, F. Blaabjerg, and Z. Zou, "Benchmarking of grid fault modes
in single-phase grid-connected photovoltaic systems", IEEE Trans. Ind.
Appl., vol. 49, no. 5, pp. 2467-2476, Sept./Oct. 2013.

E. ON GmbH, "Grid Code - High and extra high voltage." [Online].
Available: http://www.eon-netz.com/.

Comitato Elettrotecnico Italiano, "CEI 0-21: Reference technical rules
for connecting users to the active and passive LV distribution
companies of electricity." [Online]. Available: http://www.ceiweb.it/.

H. Kobayashi, "Fault ride through requirements and measures of
distributed PV systems in Japan," in Proc. of IEEE-PES General
Meeting, pp.1-6, 22-26 Jul. 2012.

H. Alatrash, R.A. Amarin, and L. Cheung "Enabling large-scale PV
integration into the grid," in Proc. of IEEE Green Technologies Conf.,
pp. 1-6, 19-20 Apr. 2012.

B.-1. Craciun, E.A. Man, V.A. Muresan, D. Sera, T. Kerekes, and R.
Teodorescu, "Improved voltage regulation strategies by PV inverters in
LV rural networks," in Proc. of PEDG, pp. 775-781, 25-28 Jun. 2012.
K. Fujii, N. Kanao, T. Yamada, and Y. Okuma, "Fault ride through
capability for solar inverters," in Proc. of EPE 2011, pp. 1-9, 2011.

H. Yamauchi, A. Yona, and T. Senjyu, "Design of FRT capability and
distributed voltage control of PV generation system," in Proc. of PEDS,
pp. 867-872, 5-8 Dec. 2011.

H. Kobayashi and 1. Kurihara, "Research and development of grid
integration of distributed generation in Japan," in Proc. of IEEE-PES,
pp. 1-8,26-30 July 2009.

M.Z.C. Wanik, A. Mohamed, A.F.A. Kadir, and L. Erlich, "Low voltage
ride through capability of fuel cell generation system connected to low
voltage network," in Proc. of IEEE CET, pp. 369-373, 27-29 June 2011.
R. A. Mastromauro, M. Liserre, T. Kerekes, and A. Dell'Aquila, "A
single-phase voltage-controlled grid-connected photovoltaic system
with power quality conditioner functionality," [EEE Trans. Ind.
Electron., vol. 56, no. 11, pp. 4436-4444, Nov. 20009.

J. Miret, A. Camacho, M. Castilla, J. Garcia de Vicuna, and J. Matas,
"Control scheme with voltage support capability for distributed
generation inverters under voltage sags," IEEE Trans. Power Electron.,
vol. 28, no. 11, pp. 5252-5262, Nov. 2013.

C.H. Benz, W.-T. Franke, and F.W. Fuchs, "Low voltage ride through
capability of a 5 kW grid-tied solar inverter," in Proc. of EPE/PEMC,
pp. T12-13-T12-20, 6-8 Sept. 2010.

G.M.S. Azevedo, G. Vazquez, A. Luna, D. Aguilar, and A. Rolan,
"Photovoltaic inverters with fault ride-through capability," in Proc. of
ISIE 2009, pp. 549-553, 5-8 July 2009.

Y. Yang and F. Blaabjerg, "Low-voltage ride-through capability of a
single-stage single-phase photovoltaic system connected to the low-
voltage grid," International Journal of Photoenergy, vol. 2013, Feb.
2013. Open Access, Available: http://doi:10.1155/2013/257487.

Y. Yang, F. Blaabjerg, and H. Wang, "Low voltage ride-through of
single-phase transformerless photovoltaic inverters, " IEEE Trans. Ind.
Appl., early access, DOIL: 10.1109/TIA.2013.2282966, in press,
May/Jun., 2014.

E. Muljadi, M. Singh, V. Gevorgian, and R. Bravo, "Dynamic model
validation of PV inverters under short-circuit conditions," in Proc. of
[EEE-GTC, pp. 1-7, 4-5 Apr. 2013.

Y.-S. Wu, C.-H. Chang, Y.-M. Chen, C.-S. Cheng, C.-W. Liu, and Y.-
R. Chang, "The current control of PV inverter for low voltage ride
through," in Proc. of EPE/PEMC, pp. LS1d.4-1-LS1d.4-6, 4-6 Sept.
2012.

Y. Bae, T.-K. Vu, and R.-Y. Kim, "Implemental control strategy for
grid stabilization of grid-connected PV system based on German grid
code in symmetrical low-to-medium voltage network," /EEE Trans.
Energy Convers., vol. 28, no. 3, pp. 619-631, Sept. 2013.

R. Camieletto, D.I. Brandao, F.A. Farret, M.G. Simodes, and S.
Suryanarayanan, "Smart grid initiative," /EEE Ind. Appl. Mag., vol. 17,
no. 5, pp. 27-35, Sept.-Oct. 2011.

G.J. Kish and P.W. Lehn, "Microgrid design considerations for next
generation grid codes," in Proc. of IEEE-PES General Meeting, pp. 1-8,
22-26 July 2012.

E. Malashenko, S. Appert, and W. al-Mukdad, "Advanced inverter
technologies report," California Public Utilities Commission, pp. 1-13,
Tech. Rep., 18 Jan. 2013.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71

Solarpraxis AG, “Inverter, Storage and PV System Technology,”
Industry Guide 2013. [Online], Available: http:/www.pv-system-
tech.com/, Mar. 2013.

R. Reedy, K. Davis, D. Click, M. Ropp, and A. Shaffer, "Power line
carrier permissive as a simple and safe method of enabling inverter ride-
through operation of distributed grid-tied photovoltaic systems," in
Proc. of ISPLC, pp. 209-212, 3-6 Apr. 2011.

H. Huang and P.A. Mawby, "A lifetime estimation technique for
voltage source inverters," I[EEE Trans. Power Electron., vol. 28, no. 8,
pp. 4113-4119, Aug. 2013

H. Wang, Y. Yang, and F. Blaabjerg, "Reliability-oriented design and
analysis of input capacitors in single-phase transformerless PV
inverters," in Proc. of APEC’13, pp. 2929-2933, Mar. 17-21, 2013.

C.J. Muray, A. Davoudi, and P.L. Chapman, "Reliability analysis for
single-phase photovoltaic inverters with reactive power support,” in
Proc. of PECI, pp. 1-6, 25-26 Feb. 2011.

G. Petrone, G. Spagnuolo, R. Teodorescu, M. Veerachary, and M.
Vitelli, "Reliability issues in photovoltaic power processing systems,"
IEEE Trans. Ind. Electron., vol. 55, no. 7, pp. 2569-2580, July 2008.

K. Ma and F. Blaabjerg, "Modulation methods for neutral-point-
clamped wind power converter achieving loss and thermal redistribution
under low-voltage-ride-through," /EEE Trans. Ind. Electron., vol. 61,
no. 2, pp. 835-845, Feb. 2014.

K. Ma, M. Liserre, and F. Blaabjerg, "Reactive power influence on the
thermal cycling of multi-MW wind power inverter," /[EEE Trans. Ind.
Appl., vol. 49, no. 2, pp. 922-930, Mar.-Apr. 2013.

H. Wang, M. Liserre, and F. Blaabjerg, "Toward reliable power
electronics - challenges, design tools and opportunities," [EEE
Industrial Magazine, vol. 7, no. 2, pp. 17-26, Jun. 2013.

Y. Yang, H. Wang, and F. Blaabjerg, "Thermal optimized operation of
the single-phase full-bridge PV inverter under low voltage ride through
mode," in Proc. of PCIM Europe, pp. 1055-1062, 14-16 May 2013.

H. Wang, K. Ma and F. Blaabjerg, "Design for reliability of power
electronic systems," in Proc. of IECON, pp. 33-44, 25-28 Oct. 2012.
J.W. Kolar, F. Krismer, Y. Lobsiger, J. Muhlethaler, T. Nussbaumer,
and J. Minibock, "Extreme efficiency power electronics," in Proc. of
CIPS, pp. 1-22, 6-8 Mar. 2012.

E. Koutroulis and F. Blaabjerg, "Design optimization of transformer-
less grid-connected pv inverters including reliability," /[EEE Trans.
Power Electron., vol. 28, no. 1, pp. 325-335, Jan. 2013

E. Demirok, P. Casado Gonzalez, K.H.B. Frederiksen, D. Sera, P.
Rodriguez, and R. Teodorescu, "Local reactive power control methods
for overvoltage prevention of distributed solar inverters in low-voltage
grids," IEEE Journal of Photovoltaics , vol. 1, no. 2, pp. 174-182, Oct.
2011.

R. Caldon, M. Coppo, R. Turri, "Distributed voltage control strategy for
LV networks with inverter-interfaced generators,” Electric Power
Systems Research, vol. 107, pp. 85-92, Feb. 2014.

T. Stetz, F. Marten, and M. Braun, "Improved low voltage grid-
integration of photovoltaic systems in Germany," [EEE Trans.
Sustainable Energy, vol. 4, no. 2, pp. 534-542, Apr. 2013.

H. Beltran, E. Perez, N. Aparicio, and P. Rodriguez, "Daily solar energy
estimation for minimizing energy storage requirements in PV power
plants," IEEE Trans. Sustainable Energy, vol. 4, no. 2, pp. 474-481,
Apr. 2013.

H. Beltran, E. Bilbao, E. Belenguer, 1. Etxeberria-Otadui, and P.
Rodriguez, "Evaluation of storage energy requirements for constant
production in PV power plants," /EEE Trans. Ind. Electron., vol. 60, no.
3, pp. 1225-1234, Mar. 2013

R. Majumder, "Reactive power compensation in single-phase operation
of microgrid," IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1403-
1416, Apr. 2013.

S. Munir and Y.W. Li, "Residential distribution system harmonic
compensation using PV interfacing inverter," /EEE Trans. Smart Grid,
vol. 4, no. 2, pp. 816-827, Jun. 2013.

H. Alatrash, A. Mensah, E. Mark, G. Haddad, and J. Enslin, "Generator
emulation controls for photovoltaic inverters," IEEE Trans. Smart Grid,
vol. 3, no. 2, pp. 996-1011, June 2012.

M.C. Kisacikoglu, B. Ozpineci, and L.M. Tolbert, "Reactive power
operation analysis of a single-phase EV/PHEV bidirectional battery
charger," in Proc. of ICPE & ECCE Asia, pp. 585-592, May 30 2011-
June 3 2011.

V.F. Pires, A. Roque, D.M. Sousa, and G. Marques, "Photovoltaic
electric vehicle chargers as a support for reactive power
compensation," in Proc. of ICRERA, pp. 1-6, 11-14 Nov. 2012.




[72] M. Falahi, H.-M. Chou, M. Ehsani, L. Xie, and K.L. Butler-Purry,
"Potential power quality benefits of electric vehicles," IEEE
Trans. Sustainable Energy, vol. 4, no. 4, pp. 1016-1023, Oct. 2013.

[73] M.C. Benhabib, J.M.A. Myrzik, and J.L. Duarte, "Harmonic effects

caused by large scale PV installations in LV network," in Proc. of

EPQU, pp.1-6, 9-11 Oct. 2007.

[74] X. Wang, F. Blaabjerg, and Z. Chen, "Autonomous control of inverter-
interfaced Distributed Generation units for harmonic current filtering
and resonance damping in an islanded microgrid," in /EEE Trans. Ind.
Appl., early access, DOI: 10.1109/TIA.2013.2268734, in press, 2014.

[75] MJ.E. Alam, K.M. Muttaqi, and D. Sutanto, "Mitigation of rooftop
solar PV impacts and evening peak support by managing available
capacity of distributed energy storage systems," /EEE Trans. Power
Systems, vol. 28, no. 4, pp. 3874-3884, Nov. 2013.

Yongheng Yang (S’12) received the B.Eng. degree in Electrical Engineering
and Automation from North-western Polytechnical University, Xi’an, China,
in 2009. During 2009 — 2011, he was enrolled in a master-doctoral program
in the School of Electrical Engineering at Southeast University, Nanjing,
China. In that period, he has been doing with the modeling and control of
single-phase grid-connected photo-voltaic (PV) systems. From March to May
in 2013, he was a visiting scholar in the Department of Electrical and
Computer Engineering at Texas A&M University, College Station, TX, USA.
He is currently working towards the Ph.D. degree in the Department of
Energy Technology at Aalborg University, Aalborg East, Denmark.

His research interests include grid detection, synchronization, and control
of single-phase grid-connected PV systems in different operation modes, and
the reliability for the next generation PV inverters.

Prasad N. Enjeti (M’85-SM’88-F’00) received the B.E. degree from
Osmania University, Hyderabad, India, in 1980, the M. Tech degree from the
Indian Institute of Technology, Kanpur, in 1982, and the Ph.D. degree from
Concordia University, Montreal, QC, Canada, in 1988, all in electrical
engineering. In 1988, he joined, as an Assistant Professor, the Department of
Electrical Engineering Department, Texas A&M University, College Station.
In 1994, he was promoted to Associate Professor and in 1998 he became a
Full Professor. He holds four U.S. patents and has licensed two new
technologies to the industry so far. He is the lead developer of the Power
Electronics/Power Quality and Fuel Cell Power Conditioning Laboratories,
Texas A&M University and is actively involved in many projects with
industries while engaged in teaching, research and consulting in the area of
power electronics, motor drives, power quality, and clean power utility
interface issues.

Dr. Enjeti received the inaugural R. David Middlebrook Technical
Achievement Award from the IEEE Power Electronics Society in 2012. He
received the IEEE-IAS Second and Third Best Paper Awards in 1993, 1998,
1999, 2001, and 1996, respectively; the Second Best IEEE-IA
TRANSACTIONS paper published in mid-year 1994 to mid-year 1995, the
IEEE-IAS Magazine Prize Article Award in 1996, the Class of 2001 Texas
A&M University Faculty Fellow Award for demonstrated achievement of
excellence in research, scholarship and leadership in the field, and he directed
a team of students to design and build a low cost fuel cell inverter for
residential applications, which won the 2001 future energy challenge award,
grand prize, from the Department of Energy (DOE).

Frede Blaabjerg (S’86-M’88-SM’97-F’03) was with ABB-Scandia,
Randers, Denmark, from 1987 to 1988. From 1988 to 1992, he was a Ph.D.
student with Aalborg University, Aalborg, Denmark. He became an Assistant
Professor in 1992, an Associate Professor in 1996, and a Full Professor of
power electronics and drives in 1998. His current research interests include
power electronics and its applications such as in wind turbines, PV systems,
reliability, harmonics and adjustable speed drives.

Dr. Blaabjerg has received 15 IEEE Prize Paper Awards, the IEEE Power
Electronics Society (PELS) Distinguished Service Award in 2009, the EPE-
PEMC Council Award in 2010, the IEEE William E. Newell Power
Electronics Award 2014 and the Villum Kann Rasmussen Research Award
2014. He was an Editor-in-Chief of the IEEE Transactions on Power
Electronics from 2006 to 2012. He has been Distinguished Lecturer for the
IEEE Power Electronics Society from 2005 to 2007 and for the IEEE Industry
Applications Society from 2010 to 2011.

Huai Wang (S’07-M’12) received the B.Eng. degree in Electrical and
Electronic Engineering from the Huazhong University of Science and
Technology, Wuhan, China, in 2007, and the Ph.D. degree in Electronic
Engineering from the City University of Hong Kong, Kowloon, Hong Kong,
in 2012.

He has been with Aalborg University, Aalborg, Denmark, since 2012,
where he is currently an Assistant Professor with the Department of Energy
Technology. He was a Visiting Scientist with the Massachusetts Institute of
Technology, Cambridge, MA, USA, in 2013. He was with the ABB
Corporate Research Center, Baden, Switzerland, in 2009. He has contributed
over 50 journal and conference papers and filed three patents. His current
research interests include the reliability of DC-link capacitors, reliability of
power electronic systems, high voltage DC-DC power converters, time-
domain control of converters, and passive components reduction
technologies.

Dr. Wang is a recipient of six paper awards and project awards from
industry, IEEE, and the Hong Kong Institution of Engineers. He serves as the
Guest Associate Editor of the IEEE Transactions on Power Electronics
Special Issue on Robust Design and Reliability in Power Electronics, and a
Session Chair of various conferences in power electronics.



