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Abstract—Voltage dips are often responsible for disrupting the
operation of sensitive electronic equipment. In this paper, two solu-
tions are presented to prevent sensitive equipment from disruptive
operation. Both solutions make use of distributed generation sys-
tems to maintain the voltage across the equipment in the presence
of voltage dips. The emphasis of this paper is on the transient re-
sponse of both solutions to balanced as well as unbalanced voltage
dips. Simulations have been carried out to provide a thorough anal-
ysis.

Index Terms—Distributed generation, microgrid operation,
power electronic converter, power quality, series compensation,
voltage dips.

I. INTRODUCTION

VOLTAGE DIPS have been forming a serious power quality
problem for many years [1]–[3]. Voltage dips are short-

duration reductions (between 10%–90%) in voltage magnitude,
lasting from one-half cycle to several seconds. They occur due
to faults, motor starting, and energizing of transformers. Elec-
tronic equipment is very sensitive to voltage dips. Computers,
adjustable-speed drives, and process-control equipment, for ex-
ample, frequently trip as a consequence of a dip in voltage.

Two solutions are suggested here to protect sensitive equip-
ment against voltage dips. In both solutions distributed gener-
ation systems play an important role. It is expected that dis-
tributed generation from, e.g., wind energy, microturbines, fuel
cells, etc., will grow in the coming years as a consequence of
the heightened awareness of environmental issues in combina-
tion with the restructuring of the electric industry.

One solution is to extend a power electronic converter, used to
grid connect a distributed generation system, with a series com-
pensator. The series compensator is able to restore the voltage
at the load side in case of a voltage dip.

Another solution is to transfer a particular part of the power
system, where sensitive equipment is located, to microgrid op-
eration during a dip. A static transfer switch is used to isolate

Paper ICPSD-03IAS30-4, presented at the 2003 Industry Applications So-
ciety Annual Meeting, Salt Lake City, UT, October 12–16, and approved for
publication in the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS by the
Power Systems Engineering Committee of the IEEE Industry Applications So-
ciety. Manuscript submitted for review October 15, 2003 and released for pub-
lication July 15, 2004.

K. J. P. Macken and R. J. M. Belmans are with the Department of Electrical
Engineering, Katholieke Universiteit Leuven, B-3001 Leuven, Belgium (e-mail:
koen.macken@ieee.org; ronnie.belmans@esat.kuleuven.ac.be).

M. H. J. Bollen was with the School of Electrical Engineering, Chalmers Uni-
versity of Technology, SE-412 96 Gothenburg, Sweden. He is now with STRI
AB, SE-771 80 Ludvika, Sweden (e-mail: math.bollen@stri.se).

Digital Object Identifier 10.1109/TIA.2004.836302

Fig. 1. A grid-interfaced distributed generation system extended with a series
compensator.

that particular part of the system from the utility supply. During
microgrid operation the voltage is controlled by the distributed
generation system(s) [4], [5].

The aim of this paper is to compare the transient perfor-
mance of both solutions. In Section II, the series compensation
of voltage dips is treated in more detail. Section III deals with
the transfer to microgrid operation during voltage dips. In Sec-
tion IV, the detection of dips is briefly addressed. The transient
performance is analyzed in Section V. Finally, the conclusion is
given in Section VI.

II. SERIES COMPENSATION

Mitigation of voltage dips is possible by injecting either a
shunt current or a series voltage. Although shunt injection can
be easily achieved with the power electronic converter of a dis-
tributed generation system, it requires a high active current if the
voltage has to be restored in both magnitude and phase angle to
its pre-fault values. Series compensation requires considerably
less active power and is, therefore, chosen here. This demands,
however, a voltage-source inverter that has to be connected in
series with the grid [6]–[8].

The power electronic converter of a distributed generation
system can be extended with a series compensator as shown in
Fig. 1. An additional voltage-source inverter is connected to the
dc bus of the distributed generation system. A transformer is
used to connect the output of the voltage-source inverter in se-
ries with the grid. In this way, it is possible to inject a voltage in
series with the supply voltage when a dip occurs.
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Fig. 2. Required active power as a function of voltage dip magnitude for two
load power factors.

The active power required for the series-connected inverter
to compensate for a three-phase balanced voltage dip

can be expressed as [9]

(1)

where is phase-angle jump, is load angle, and is total
active power of the load.

Voltage dip magnitude and phase-angle jump can be calcu-
lated from

(2)

where is a measure of the electrical distance, and is
impedance angle.

The active power requirement as a function of voltage dip
magnitude for two load power factors is shown in Fig. 2. An
impedance angle of is taken, while varies between
zero and infinite. An impedance angle of 60 corresponds to
the largest phase-angle jumps that occur in practice. The range
of covers all values of the retained voltage during the dip (dip
magnitude). Further, the active load power is 1 pu. Thus, in order
to compensate for a voltage dip of, e.g., 0.3 pu, the series com-
pensator requires 0.15 pu active power when the power factor is
0.8. Note that (1) was derived by keeping the active part of the
load power constant, so that the load current increases for a de-
creasing power factor. This is discussed in more detail in [9]. It
is important to note that the voltage tolerance is not affected by
the dip duration, since the power required for the compensation
is provided by the distributed generation source.

In order to effectively mitigate voltage dips, a controller with
a fast dynamic response is required. The average model of the
series compensator, as shown in Fig. 3, is used to design the
controller. This model describes the behavior of the inverter for
average values of voltage and current without switching ripple
[10], [11]. In this figure, , , and are the average output
voltages of the inverter and , , and are the corresponding
average output currents. The inverter output is connected
through an LC filter, which is not shown in Fig. 1, with the se-

Fig. 3. Average model of a three-phase series-connected voltage-source
inverter with LC filter.

ries transformer. The inductors of this filter have an inductance
and a resistance . The capacitance of the capacitors is .

The voltages across the capacitors are denoted by , ,
and for phases , , and , respectively. The turns ratio of
the transformer is 1 : 1. Both transformer and load are replaced
by ideal current sources, i.e., , , and . The dc input
of the inverter is modeled as a controlled current source ,
where the dc-bus voltage is kept constant at . The dc-bus
capacitor has a capacitance .

From Fig. 3, the differential equations in state-space notation
describing the dynamics of the model are found. When repre-
sented in a reference frame, these equations are

(3)

where system, control, disturbance, and output matrices, respec-
tively, are

and state, control, and disturbance vectors, respectively, are

Equation (3) is used to derive the controller for the series
compensator. The purpose of the controller is to regulate the
voltage that has to be injected into the grid in order to com-
pensate for the voltage dips. Since the transformer turns ratio is
1 : 1, the injected voltage is equal to the voltage across the capac-
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itor and, consequently, the controller has to act on this capacitor
voltage. This is done by a cascaded controller, where the outer
control loop regulates the capacitor voltage and the inner con-
trol loop regulates the current through the inductor. The outer
control loop constitutes the reference for the inner control loop.
The controller is implemented in discrete time. Discretization of
(3) is obtained using a forward difference approximation [12].
The sampling period is . From these discretized equations, the
controller equations are derived. In order to achieve a fast dy-
namic response, both outer and inner control loops are designed
to adopt a deadbeat response. Steady-state errors are avoided by
including an integral action in the inner control loop.

The outer or voltage control loop is

(4)

Further, the inner or current control loop is

(5)

where

(6)
and is grid angular frequency.

In order to compensate for the computational delay of one
sampling period, , , , and are esti-
mated one sampling period ahead. The estimated state variables
are denoted by in (4)–(6).

In case of unbalanced dips, control of positive- and negative-
sequence components separately is required to obtain good con-
trol performance [13]. A controller for the negative-sequence
components can be designed in a similar way as above. Note,
however, that the negative sequence rotates opposite to the pos-
itive sequence and, consequently, the cross-coupling terms in
the differential equations have opposite signs.

III. TRANSFER TO MICROGRID OPERATION DURING DIPS

In Fig. 4, a distributed generation system, which is connected
through a power electronic converter to the grid, is shown. Fur-
ther, a three-phase static transfer switch, which is inserted be-
tween the utility supply side and the load side, is shown. When
a voltage dip occurs, the static transfer switch is opened to dis-
connect the load side, where sensitive equipment is located,

Fig. 4. A grid-interfaced distributed generation system which is isolated from
the utility supply during dips by a static transfer switch.

Fig. 5. Average model of a three-phase voltage-source inverter with L filter.

from the utility supply side. Typically, the static transfer switch
comprises back-to-back thyristors. The distributed generation
system at the load side regulates the voltage during the time that
the loads are isolated from the utility supply. This is so-called
(islanded) microgrid operation, referring to the concept intro-
duced in [14]. In this way the operation of sensitive equipment
is not affected by the voltage dips, assuming that the transfer
between grid-connected operation and microgrid operation is
seamless. During microgrid operation the distributed generation
system supplies all the power needed by the loads. As soon as
the supply voltage recovers, the static transfer switch is closed
again and the distributed generation system is transferred from
microgrid operation back to grid-connected operation. Attention
should be paid that the voltage controlled by the distributed gen-
eration system and the supply voltage are synchronized before
closing the switch [5].

The distributed generation system has to be designed for both
grid-connected operation and microgrid operation. During grid-
connected operation the converter controller of the distributed
generation system regulates the current (i.e., current-mode con-
trol), whereas in microgrid operation, the controller regulates
the voltage (i.e., voltage-mode control). The design of the con-
trollers is covered in the following.

First, the controller in current-mode is developed. During
grid-connected operation the inverter of the distributed gener-
ation system can be represented by the average model shown
in Fig. 5. The output of the inverter is represented by the
controlled voltage sources , , and . The currents sourced
into the grid phases , , and are denoted by , , and ,
respectively. Voltages , , and represent the grid supply
voltages. An filter with inductance and resistance is
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used to interface the converter output with the grid. Usually, an
LCL filter is used for this purpose. However, at frequencies well
below the resonance frequency of the LCL filter, as is the case
here, this filter can be modeled as an inductance. The dc-bus
voltage is and the dc current is .

The dynamics of the model in Fig. 5 are described by the
following state-space equation in the reference frame:

(7)

where system, control, disturbance, and output matrices, respec-
tively, are

and state, control, and disturbance vectors, respectively, are

Again, as in the previous section, the controller is designed
directly in discrete time. A forward difference approximation
is applied, allowing (7) to be rewritten in a discrete-time form.
Based on these approximated discrete-time equations, the con-
trol equations are obtained.

The controller that regulates the current during grid-con-
nected operation, ensuring a deadbeat response, is given by

(8)

where and are calculated in the same way as in (6).
Now, the voltage-mode control is developed. Since the av-

erage model, shown in Fig. 3, can be repeated to represent the
inverter of the distributed generation system during microgrid
operation, the same controller as given by (4)–(6) can be used.

IV. DIP DETECTION

It is very important that the time to detect a voltage dip is short
in order to be able to quickly respond to it. Fast detection can
be achieved with the algorithm given in [15]. This algorithm is
adopted here. It is schematically represented in Fig. 6.

Fig. 6. Block diagram of voltage dip detection algorithm.

The utility voltage is measured and transformed to a refer-
ence frame. Then, the difference between the reference voltage
and the measured voltage in the reference frame is calculated

(9)

(10)

Further, (9) and (10) are combined as

(11)

From (11), the signal is calculated to express the deviation
of the utility voltage from the given reference voltage as follows:

(12)

This signal is used to detect the beginning and the end of a
voltage dip. A low-pass filter is used to attenuate the ripple in
the signal , which is introduced in case of unbalanced dips. A
moving average filter is used here. It has a settling time of a half
cycle following any transient. The output of the filter is further
processed by a dual hysteresis comparator. The lower and upper
limits of the hysteresis comparator determine the sensitivity of
the detection. The output signal of the comparator is used to
start or stop the series compensation or to open or close the static
transfer switch.

V. TRANSIENT ANALYSIS

In this section, the response of both solutions to balanced and
unbalanced dips is studied.

Simulation models for both suggested solutions have been de-
veloped to carry out the transient analysis. The software package
Matlab/Simulink is used for the simulations.

The rms value of the supply voltage is 230 V and the grid
frequency is 50 Hz. The parameters of the output filter of the
series compensator are: , mH, and

F. A sample period of 167 s is used. The filter of the
inverter in the microgrid solution has the following parameters:

, mH, and F. The sample period
is here 100 s.

A. Balanced Dips

First, both solutions are subjected to a balanced voltage dip
of type A (for more details about dip classification, see [9]). The
simulated dip in the supply voltage is 40% and is shown in
Fig. 7. The dip lasts from ms to ms. The recovery
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Fig. 7. Three-phase supply voltage during a dip of type A.

Fig. 8. d components (top) and q components (bottom) of the capacitor voltage
(series compensation).

of the voltage is modeled according to the theory as described
in [16].

Fig. 8 shows the dynamic response of the series compensator
to this voltage dip. Both and components (solid curves) of
the capacitor voltage, which is, of course, the injected voltage
as seen earlier, are depicted. The and components of the de-
sired reference values for the capacitor voltage (dotted curves)
required to mitigate this dip are shown as well. It takes about 1
ms before the dip is detected and the series compensation starts.
At ms, the three-phase voltage dip develops into a
two-phase voltage dip, which is reflected as an increase in both

and components of the capacitor voltage. At ms, the
detection algorithm commands the series compensator to stop.
The voltage at the load side as a result of the series compen-
sation is shown in Fig. 9. Clearly, this solution works effectively
and the load voltage is barely affected by the dip.

Figs. 10 and 11 give the results for the case where the dis-
tributed generation system is transferred to microgrid operation
during the voltage dip. The voltage across the capacitor in
and components before, during, and after microgrid opera-
tion are given in Fig. 10. The voltage dip is detected at

Fig. 9. Three-phase voltage at the load side (series compensation).

Fig. 10. d components (top) and q components (bottom) of the capacitor
voltage (microgrid operation).

Fig. 11. Three-phase voltage at the load side (microgrid operation).

ms and after approximately 3 ms the static transfer switch
is opened. The distributed generation system is then isolated
from the utility supply. The controller operates now in voltage-
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Fig. 12. Three-phase supply voltage during a dip of type C.

mode and regulates the voltage across the capacitor. This is the
voltage to the sensitive equipment. The dotted curves show the

and components of the reference values for the capacitor
voltage during microgrid operation. After the voltage has com-
pletely recovered, the static transfer switch is closed again and
the distributed generation system is reconnected to the utility
supply. The controller operates in current-mode. It should be
noted that, before closing the switch, the voltage controlled by
the distributed generation system has to be in synchronism with
the recovered supply voltage, as mentioned earlier. Fig. 11 il-
lustrates how this solution manages to keep the voltage at the
load side constant in the event of a voltage dip. Transition be-
tween grid-connected operation and microgrid operation and
vice versa is seamless.

B. Unbalanced Dips

Now, the response to an unbalanced voltage dip is discussed.
The simulated supply voltage affected by a dip of type C is
shown in Fig. 12. The magnitude of the dip is 40%. The dip
starts at ms and ends at ms.

Again, the series compensation is studied first. It is important
to note that a negative-sequence controller is required to effec-
tively mitigate an unbalanced voltage dip as seen in Section II.
Therefore, the controller in the simulation model is modified in
order to handle both positive- and negative-sequence compo-
nents. The unbalanced voltage is decomposed in positive- and
negative-sequence components according to the method applied
in [13].

Figs. 13 and 14 show, respectively, the positive- and negative-
sequence components of the injected voltage in the reference
frame.

It also takes about 1 ms to detect this dip. The unbalanced
voltage is decomposed in positive- and negative-sequence com-
ponents in 5 ms. The compensation is stopped at ms.
The transient response is excellent, which is further illustrated
by Fig. 15. The load voltage is nearly constant during the occur-
rence of the voltage dip.

The transient response for the microgrid solution during and
after an unbalanced dip is shown in Figs. 16 and 17.

Fig. 13. Positive-sequence d components (top) and q components (bottom) of
the capacitor voltage (series compensation).

Fig. 14. Negative-sequence d components (top) and q components (bottom)
of the capacitor voltage (series compensation).

Fig. 15. Three-phase voltage at the load side (series compensation).

Also, for this solution, the transient response is very good.
Fig. 16 shows the and components of the capacitor voltage,
while Fig. 17 shows the voltage at the load side.
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Fig. 16. d components (top) and q components (bottom) of the capacitor
voltage (microgrid operation).

Fig. 17. Three-phase voltage at the load side (microgrid operation).

VI. CONCLUSION

This paper has covered the mitigation of voltage dips through
distributed generation systems. Two possible ways to do so were
presented, i.e., series compensation and transfer to microgrid
operation during dips. The transient performance of both solu-
tions was analyzed through simulations. Thereby, it was demon-
strated that the dynamic response to voltage dips for both sug-
gested solutions is comparable. It may concluded that both so-
lutions are very effective for mitigating voltage dips.

Series compensation can also be used to control the voltage
in the event of other disturbances as well. By using appropriate
control algorithms and sufficiently fast switching, the series
compensator may be able to mitigate voltage transients, exces-
sive voltage harmonics, and voltage fluctuations leading to light
flicker. Series compensation can, however, not be used during
interruptions and during voltage dips that exceed the rating of
the series converter.

Microgrid operation can only be used during voltage dips and
interruptions and its operation during voltage dips may be less

reliable than the series compensator. However, microgrid oper-
ation is probably the cheaper solution as the amount of power
electronic components is clearly less.
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