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Abstract—A new control strategy for static compensators (STAT-
COMs) operating under unbalanced voltages and currents is pre-
sented in this paper. The proposed strategy adopts a state observer
(software sensor) to estimate ac voltages at the STATCOM con-
nection point. This way, physical voltage sensors are not needed
and the hardware gets simplified, among other advantages. Using
the superposition principle, a controller is designed to indepen-
dently control both positive and negative sequence currents, elim-
inating the risk of overcurrents during unbalanced conditions and
improving the power quality at the STATCOM connection bus.
Two operating modes are proposed for the computation of the ref-
erence currents, depending on whether the objective is to compen-
sate unbalanced load currents or regulate bus voltages. The pro-
posed observer allows positive and negative sequences to be esti-
mated in a fraction of the fundamental cycle, avoiding the delay
often introduced by filter-based methods. Overall, the STATCOM
performance is improved under unbalanced conditions, according
to simulation results presented in the paper.

Index Terms—Load compensation, observers, power quality
(PQ), sequence currents, software sensors, static compensator
(STATCOM), unbalanced systems.

I. INTRODUCTION

T HE increased voltage and current capacity of voltage-
source converters (VSC), based on self-commutated

semiconductors, is leading flexible alternating current trans-
mission systems (FACTS) to naturally arise as a mature yet
expensive technology in power systems. Currently, the most
frequently used FACTS device is the static compensator
(STATCOM), being the most simple, economical, and with
a very fast dynamic response. This device, providing several
advantages from the electrical network power quality point of
view, is being used for reactive power compensation, active
power oscillation damping, flicker attenuation, voltage regula-
tion, etc. [1].

Many works have been published up to date about control
strategies for STATCOMs. However, conventional controllers
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present a poorer performance under unbalanced conditions
[2]–[5], especially unbalanced voltages, which are relatively
common in distribution networks. In addition, converters used
in renewable generation applications and high-voltage trans-
mission systems are also frequently required to be capable
of overriding unbalanced conditions [6]–[8]. This imbalance
could be generated by large unbalanced loads (single-phase
electric traction systems, arc furnaces, etc.), or may arise during
nearby asymmetrical faults [9].

When a STATCOM is connected to an unbalanced network,
a double network frequency ripple appears in its dc-bus
voltage [10]. When this ripple is not taken into account by
the control law, low order harmonics arise in the STATCOM
injected currents, deteriorating the situation from the power
quality point of view [11]–[13]. In addition, the STATCOM can
be considered as a positive-sequence voltage source connected
to the grid through a transformer. Therefore, when the grid
voltage is not balanced, the STATCOM is a short circuit for
the negative-sequence voltages, the negative-sequence currents
being only bounded by the transformer reactance. Under these
circumstances, the over-current protection may disconnect the
STATCOM [2], [5], [11], [14].

Different control strategies have been proposed for the
STATCOM. For example, feedback linearization taking cur-
rents as outputs was used in [11], [15]–[17], passivity-based
controllers were developed in [18], [19], a fuzzy PI-based
controller was presented in [1], while in [5] a phasor-based
analysis was applied. However, in [15]–[17], [20] the proposed
controller lacks the ability to deal with fully unbalanced con-
ditions. In order for the STATCOM to be capable of operating
under unbalanced power conditions, while diminishing the
risk of overcurrents, it must be able to independently control
its positive-sequence and negative-sequence currents. For this
reason, a sequence component detection is required. In [5],
[11], [14], and [21], phase-locked loops (PLLs) plus filters with
a cut-off frequency of are used in order to separate the
sequence components. However, such filters generate a delay in
the measured signals, reducing the controller bandwidth [14],
[22], [23]. To overcome this drawback other techniques have
been proposed to estimate the sequences. It is often a practice
to use methods based on either discrete Fourier transform
(DFT) or Kalman filter. However, these methods present some
drawbacks as well. DFT assumes stationary signals and the esti-
mator performance depends on the data window size. A tradeoff
exists between estimation speed and noise sensitivity. In order
to increase the estimation speed, the windows size should be
decreased. However, estimation using small windows is more
sensitive to pulsewidth-modulation (PWM) high-frequency
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Fig. 1. Power system and STATCOM model.

components appearing in these applications [24]. On the other
hand, Kalman filters [25], [26] assume stochastic uncertainties.
In this estimator, optimality and speed of convergence depend
on the known value of the covariance matrices, among others.
Generally, these matrices are unknown and the designer must
guess their initial values. For these reasons, in this work state
observers based on signal models are proposed to detect the
sequence components [27], [28]. This approach improves the
estimation of ac current and voltage sequences because the
observer is capable of transiently adapting to amplitude varia-
tions only in a fraction of the fundamental cycle. In addition,
its estimates are obtained without phase delay in steady state.

Besides the issues discussed before for controlling the
STATCOM under unbalanced conditions, another important
point developed in this work is the ac voltage estimation. In
previous articles [1]–[5], [11], [14]–[23], [29], [30], the control
strategies require the measurement of ac voltages at the VSC
point of connection. In this paper, the ac voltages and their
sequence components are estimated from ac current and dc
voltage measurements by means of state observers. The use of
these observers has several advantages. First, a simplification
in the hardware is achieved because ac voltage sensors are not
required, saving space, connection cables, high-voltage insu-
lation requirements and, hence, reducing costs. Furthermore,
considering the relatively low switching frequency adopted in
high power applications, the high level of harmonics present in
ac voltages is avoided.

This paper introduces a new control strategy for STATCOMs
under unbalanced conditions, capable of independently control-
ling the positive- and negative-sequence currents. In the pro-
posed implementation ac voltages are estimated via state ob-
servers, leading to a simplified and cheaper hardware without
ac voltage sensors. The controller design considers two modes
of operation, both of them related with quality improvement,
namely compensation of unbalanced load currents and regula-
tion of unbalanced bus voltages.

The rest of this paper is organized as follows. Section II
presents the system and the STATCOM model. In Sec-

tion III, the ac voltage observer is designed. In Section IV,
the observer-based technique for the computation of current
sequences is developed. Section V introduces the proposed
control strategy for imbalance compensation. In Section VI,
the controller performance evaluation, discussions and tests are
presented. Finally, conclusions are drawn in Section VII.

II. SYSTEM AND STATCOM MODEL

The STATCOM model in the - stationary reference frame
is given by [31]

(1)

(2)

(3)

where , and are currents and voltages at the ac side
in the reference frame, and are control signals, and

is the dc voltage. The parameters and stand for re-
sistance and inductance in the coupling transformer, is the
capacitor in the dc-bus, and represents the equivalent con-
verter losses. Note that the equations describing the STATCOM
are nonlinear because of the products between control and state
variables. Other data and parameters of the considered power
system are shown in Fig. 1.

III. AC VOLTAGE OBSERVER DESIGN

In order to estimate the ac voltages at the STATCOM con-
nection point, from the measured currents, a dynamic model is
developed for - voltages, composed of a positive and a neg-
ative sequence

(4)

(5)
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In turn, the voltage sequences can be written as a function of
their phase angle and magnitude, yielding

(6)

(7)

(8)

(9)

Differentiating (6)–(9) gives

(10)

(11)

(12)

(13)

where the sequences are considered to rotate in the opposite
direction , and their magnitudes are
assumed to be slowly time varying.

In what follows, the design of a reduced-order observer with
linear error dynamics used for estimating , and is
introduced. Note that the dynamics of both STATCOM currents
(1) and (2) and ac voltages (10)–(13) can be partitioned in two
subsystems, resulting in

(14)

(15)

where is the vector of measured states,
comprises the states to be estimated and the

involved matrices are given by

(16)

For convenience, (14) can be rearranged as follows:

(17)

The resulting system, composed of (15) and (17), describes
the dynamics of the unmeasured variables and the output
equation of the new subsystem , respectively. For
this formulation, a Luenberger-like reduced-order observer is
given by [32]

(18)

The correction term keeps the convergence rate under con-
trol of the estimation error, allowing parametric uncertainties
and non-modeled dynamics appearing in the prediction term to
be rejected. This is a very interesting feature of the closed-loop

estimator, because robustness is increased. Uncertainty attenu-
ation is directly proportional to the norm of the correction term
gain matrix . Nevertheless, the maximum value of the
norm to be chosen is bounded by the measurement noise. It is
worth noting also that the estimation of involves the time
derivative of . In order to prevent the amplification of noise
originating in the differentiation of the measured variable, the
following transformation is used . Then, rewriting
(18) in terms of , the following structure to be implemented re-
sults:

(19)

(20)

where the time-derivative of is not required and the following
matrices have been introduced:

(21)

(22)

The estimation error dynamics is obtained by
subtracting (18) from (15)

(23)

Note that the error dynamics become linear and, consequently,
linear techniques can be used for tuning the observer, such as
pole assignment, linear quadratic regulation (LQR), etc. In this
way, the observer gain matrix can be easily calculated to ob-
tain a fast convergence rate. Therefore, as will be shown, good
estimates in a small cycle fraction are attained.

Expressions given by (19) and (20), when expanded to the
STATCOM particular case, result in the following observer:

(24)

(25)

(26)

(27)

with

(28)

(29)

(30)

(31)

and
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where the scalars and are entries of the gain matrix .
Note that the observer expressions given by (24)–(31) are simple
enough to be implemented in commercially available digital
signal processors (DSPs).

The observer initial state conditions can be computed be-
forehand during the STATCOM start-up process, in order to re-
duce the initial transient error. In [33] and [34], some strategies
to deal with this requirement during the observer initialization
phase are given.

IV. AC CURRENT OBSERVER DESIGN

In this section, the observer aimed at estimating positive-
and negative-sequence components of STATCOM currents,
measured at the ac side, is described. This observer will be
used in the next section where the observer-based controller
will be designed. In general, an unbalanced three-phase current
without a zero-sequence component can be decomposed as

(32)

(33)

Similar to the ac voltage case (10)–(13), a dynamic model for the
ac currents composed of two components (positive and negative
sequences), rotating in the opposite direction, can be written as
follows:

(34)

(35)

(36)

(37)

The set of equations just shown constitutes a dynamic linear
system, with the currents and as measurable outputs. In
compact form, it can be expressed as

(38)

(39)

where the following components have been defined:

(40)

Therefore, in this case, a linear observer can be implemented to
estimate the states as follows:

(41)

The estimation error dynamics are given by sub-
tracting (41) from (38)

(42)

The gain matrix is designed to keep the convergence rate of
the estimation error under control. In this paper, the eigenvalues
of the matrix characterizing the estimation error dynamics (42)
are determined by means of an LQR optimization process. This
yields , leading to an estimation time constant of

1.83 ms. Consequently, after a time of (5.5 ms), the
estimation error will be lower than 5%, which means that per-
turbations of the current sequence components will be estimated
in approximately 1/4 of a cycle.

Note that the estimation error dynamics (42) are equivalent
to that of the ac voltage observer (23). Hence, both designs are
implemented in a similar manner, the same speed of response is
obtained for the estimation of currents and voltages, even though
the latter are not measured.

V. FEEDBACK LINEARIZATION CONTROL STRATEGY

A. Decoupled Current Control

In order to compensate unbalanced load power, indepen-
dent control of the positive and negative sequences of the
STATCOM-injected currents are required. For this purpose, the
following auxiliary variables are defined:

(43)

(44)

Taking into account (43) and (44), the STATCOM current dy-
namics (1) and (2) become linear. Therefore, assuming that pa-
rameters and are the same for each phase, the superposition
theorem can be applied by splitting the positive and negative ef-
fects, yielding

(45)

(46)

(47)

(48)

A similar approach, in a – reference frame, is developed in
[2], [3], [10], [11], and [35].

Then, the auxiliary variables can be defined as follows:

(49)

(50)

(51)

(52)

and keep in mind that (49)–(52) and (45)–(48) reduce to

(53)

(54)

(55)

(56)

The important observation is that with this method, the dy-
namics of the four currents , and are written as
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decoupled linear systems. Therefore, linear control strategies
can be applied to control them independently.

Note also that the systems (53)–(56) adopt the general form
. If the current tracking error is defined as ,

then the following tracking error dynamics can be
proposed, from which the auxiliary input can be obtained:

(57)

In the sequel, the superscript “ ” denotes the desired reference
values. Then, the four auxiliary control inputs , and

can be obtained from the general expression (57), yielding

(58)

(59)

(60)

(61)

where, for the current time-derivatives, (34)–(37) should be
used. Note that (58)–(61) involves the individual sequence
components of the STATCOM currents, which are provided by
the observer designed in the previous section.

Finally, the original inputs and are obtained from (43)
and (44), using (49)–(52), leading to

(62)

(63)

The control laws (62) and (63) are nonlinear, owing to the
presence of in the denominator. However, this allows dc
voltage variations to be compensated in an attempt to reduce the
presence of low-order harmonics in the STATCOM currents.
As explained before, these harmonics are generated by a dc
voltage ripple of frequency , arising during unbalanced grid
conditions.

The proposed strategy is a nonlinear law where the estimates
provided by an observer are included. In the linear case, the
closed-loop stability (observer-based controller plus plant)
is guaranteed by using the Separation Theorem [32]. Conse-
quently, the control law and observer convergence rate can be
fixed independently. Since the Separation Theorem does not
apply in the nonlinear case, when choosing the observer gains,
some conditions should be considered to guarantee stability.
Some research establishes sufficient conditions to guarantee
asymptotic convergence in the nonlinear case (see, for instance,
[36]–[38]). In our case, the observer can be designed as follows:
the nonlinear control strategy is calculated by assuming that
the true states are available; then, observer gains are selected
by satisfying the sufficient conditions presented in [39]. These
conditions establish how fast the observer convergence must be
to guarantee closed-loop stability.

B. DC Voltage Control

For the correct STATCOM operation, considering the internal
and switching losses, a dc voltage-control loop is implemented

through the positive-sequence active power , consumed by
the STATCOM. This control is implemented with a PI loop as
follows:

(64)

Under unbalanced conditions, a ripple frequency appears in
the dc bus voltage. This ripple should be filtered out in order to
prevent distortion in the STATCOM-injected currents. By using
the time constant of the controller (64), it is possible to calcu-
late the cutoff frequency for filtering purposes [11], [19], [21].
In this way, the STATCOM positive-sequence active power is
not distorted.

C. Reactive Power Injection and AC Voltage Amplitude
Control

In order to determine the positive-sequence reference for the
reactive power , three situations can be considered.

1) A fixed amount of reactive power must be injected by the
STATCOM for network support (according to the power
system operator settings).

2) Calculate to compensate for the load reactive power
(e.g., to satisfy the unity power factor condition).

3) The STATCOM tries to keep a desired ac voltage
at the connection point.

In the first two cases, the reactive power reference is provided
externally by the system operator or computed to satisfy the
required power factor. In the third case, the power reference
can be computed through the following voltage-control scheme
[15], [17]:

(65)

In the block diagram of Fig. 2, these control modes are chosen
by the selector .

D. Positive-Sequence Current References

From the positive sequence of the desired active and reactive
powers, the STATCOM positive-sequence current references
can be calculated by using the instantaneous active and reactive
power theory [40] as follows:

(66)

(67)

where only the positive-sequence component of the voltage is
considered, as it is desired that and are injected through
positive-sequence currents. The injection of negative-sequence
currents is discussed in the next subsection.

E. Negative-Sequence Current References

Two operating modes for the STATCOM will be considered.
In the first mode, the STATCOM is used to compensate load
current imbalances. The goal is to let the grid “see” a balanced
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Fig. 2. Block diagram for the proposed control strategy.

load and, consequently, to prevent unbalanced voltage drops that
deteriorate PQ indices. In the second mode, the objective of
the STATCOM is to directly compensate the voltage imbalance
at the connection point. Unbalanced voltages may be a conse-
quence of close unbalanced loads or asymmetrical faults in the
power system. This is an important feature of the proposed ap-
proach considering that some loads are very sensitive to unbal-
anced voltages. Both operating modes are chosen by the selector

(see Fig. 2).
As explained before, in the first operating mode, the

STATCOM has to get rid of negative-sequence load currents.
Therefore, the references to be tracked are

(68)

(69)

where the observer described in Section IV can be used to obtain
the negative-sequence component of the load current ( and

).
When the converter is connected to an unbalanced voltage,

its negative-sequence component sees the STATCOM as a short
circuit. As a consequence, the negative-sequence currents are
only limited by the STATCOM transformer impedance, which
may lead to overcurrents. The proposed strategy can be also
tailored to protect the STATCOM against such overcurrents, by
setting the negative-sequence current to zero (for instance

).
In the second operating mode, the STATCOM uses the

negative-sequence current controller to reduce the voltage im-
balance. The negative-sequence current references are obtained
from the following control loops:

(70)

(71)

In order to minimize the negative-sequence voltages, references
and are set to zero. In this mode, the load bus voltages

are balanced because of the voltage drops originated by the neg-
ative-sequence STATCOM currents, when circulating through
the network equivalent impedance. However, if the impedance
between the unbalanced power grid and the load is small (high
short-circuit power), very large currents are needed to balance
the bus voltages, which may saturate the STATCOM current
capability.

VI. PERFORMANCE TESTING

This section presents the most relevant results regarding the
assessment of the proposed controller. The system, STATCOM,
and control strategy are implemented via the SimPowerSys-
tems blockset of SIMULINK/MATLAB. Controller gains are
set to 800 s 2 kWV 60 kWV s

3.18 ms, 2 kWV 25 kWV s
, and s , whereas observer

gains are , and . Other data and param-
eters are provided in the one-line electrical diagram of Fig. 1.
To obtain a digital controller, the Euler rule is employed to
convert continuous time equations to the discrete-time domain

, where is the sample time (set to 50 s
for the experiments that will be reported).

A. Biphase Fault on the Load Side

In the first test, the controller performance when compen-
sating unbalanced load currents is analyzed. To this end, a 110
ms biphase fault on the load side, leading to positive- and neg-
ative-sequence currents during the fault period, is considered,
as illustrated in Fig. 3(a). Estimates of the current sequences
are shown in Fig. 3(b) and (c), respectively, where the re-
sulting estimation time is only a fraction of the fundamental
cycle. This is an important feature of the proposed control
technique, because these estimates are used in the control law
for obtaining fast and accurate compensation. In Fig. 3(d),
the currents provided by the network equivalent are depicted,
remaining balanced every time. The currents injected by the
STATCOM, mainly containing a negative-sequence component
(acb) that compensates the imbalance caused by the fault, are
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Fig. 3. Compensation of a biphase fault on the load side.

illustrated in Fig. 3(e). Finally, Fig. 3(f) shows the STATCOM
dc bus voltage, containing a ripple during the fault period
whose frequency doubles the fundamental one.

B. Simultaneous Voltage and Current Imbalance

In this second experiment, the STATCOM operating in the
unbalanced current compensation mode is tested.
The system is balanced when at 0.05 s, an asymmetric
fault occurs on the power system side, giving rise to an unbal-
anced voltage at the load bus [see Fig. 4(a)]. Therefore, after

0.05 s, the load absorbs an unbalanced current [Fig. 4(b)].
This unbalanced condition is rapidly detected and compensated
by the STATCOM, in such a way that balanced currents are pro-
vided by the external system [see Fig. 4(c)]. Then, at 0.15
s, a single load phase becomes disconnected, while the unbal-
anced network condition remains. In these strongly unbalanced
conditions, the load consumes a highly unbalanced current [see
Fig. 4(b), after 0.15 s]. Despite that, the power system sees
a balanced condition because of the STATCOM reaction [see

Fig. 4. Behavior against voltage and current asymmetrical faults.

Fig. 4(c)]. The currents injected by the STATCOM are depicted
in Fig. 4(d).

C. Unbalanced Load Current and Power Factor Correction

This test is aimed at studying the behavior of the controller
when compensating unbalanced load currents and reactive
power simultaneously. In Fig. 5(a) and (b), load currents and
bus voltages are plotted, respectively, both of them being unbal-
anced. Fig. 5(c) shows the current injected by the STATCOM in
this condition. At 0.1 s, the controller injects reactive power
to improve the load power factor . As can be seen,
even though currents and voltages are unbalanced, the converter
injects balanced reactive currents, showing the capability of the
controller to deal with unbalanced conditions. Then, at 0.17
s, the control mode oriented to balance load currents is also
activated . Fig. 5(d) shows that the currents absorbed
from the power system are totally balanced after a fraction of a
cycle. In addition, the controller performance in regulating the
dc bus voltage can be observed in Fig. 5(e).

In Fig. 5(f), the actual ac voltage and the estimated positive-
and negative-sequence components at the load bus are plotted.
Note that due to the insulated-gate bipolar transistors (IGBTs)
low switching frequency, typical in these high-power applica-
tions, the actual ac voltage contains high-order harmonics. On
the other hand, the estimated voltages are much softer, with less
harmonics content [see a zoomed view in Fig. 5(f)]. Moreover,
unlike the traditional filter-based methods, there is no phase lag
in the estimated voltages when the proposed observer is used.
Another important feature of the proposed controller is that pos-
itive and negative sequences are estimated in a fraction of the
fundamental cycle, reducing the usually longer delay associated
with other techniques. Shorter delays help reject disturbances
and compensate both grid and load imbalances in a faster way.
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Fig. 5. Unbalanced load current compensation control mode.

Finally, Fig. 5(g) shows the actual current provided by the net-
work, along with its estimated sequences. Before the current
balancing control is activated ( s), the current provided
by the power system contains a negative-sequence component,
which is completely eliminated afterwards ( s).

D. Unbalanced Voltage Compensation

This test tries to assess the STATCOM capability to compen-
sate unbalanced voltages 2). An asymmetrical fault at
0.1 s on the external system side, lasting for 100 ms, gives rise

Fig. 6. STATCOM improving the load bus voltage imbalance.

to unbalanced voltages at the load bus, as shown in Fig. 6(a).
The STATCOM reacts immediately to reduce the load voltage
and load current imbalances [see Fig. 6(b) and (c)]. Fig. 6(d)
represents the estimated negative-sequence voltage, both at the
load and network buses. As can be seen, a 2 kV negative-se-
quence component arises at the network bus voltage, which is
reduced by the STATCOM to about 500 V at the load bus. In this
case, owing to the short-circuit power assumed, the STATCOM
reaches its rated power, which explains the remaining voltage
imbalance at the load bus.

E. Unbalanced Voltage Compensation and Voltage Regulation

In this last test, the ability of the STATCOM to compensate
voltage imbalances and, at the same time, regulate the voltage
magnitude is checked. Fig. 7(a)–(c) shows the load currents and
the voltages at the network and load buses, respectively, which
are all unbalanced in this experiment. Upon activation of the
imbalance compensation control, at 0.13 s , the
load bus voltage is significantly balanced, as can be seen in Fig.
7(e), where the negative-sequence component of such a voltage
is shown. Then, the positive-sequence voltage regulation control
is activated at 0.2 s , yielding a 5% reduction of the
voltage drop, as shown in Fig. 7(d). The fact that the negative
sequence component is not totally compensated in this case is
explained by the STATCOM reaching its rated power limit at
this level of compensation.

VII. CONCLUSION

A new software sensor-based control strategy is presented in
this paper, allowing STATCOM devices to operate under un-
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Fig. 7. Unbalanced voltage compensation control mode.

balanced power grid conditions in a satisfactory manner. The
controller design is based on the decomposition of voltages and
currents into their sequence components. This makes it possible
to avoid low-order harmonics in the STATCOM currents and to
reduce the outage risk associated with overcurrents appearing
under unbalanced conditions.

Furthermore, by using the proposed strategy, the required
hardware can be reduced, since ac voltage sensors are not
needed. Consequently, cost is decreased and reliability is
enhanced. The proposed controller has two operating modes
aimed at compensating unbalanced currents and improving
voltage regulation, respectively.

The ever-increasing PQ requirements make the proposed con-
troller an attractive choice for industrial plants. Other applica-
tion fields could be found in sensitive loads that are close to large
unbalanced loads in relatively weak areas of an electric network,
where the PQ must be enhanced.
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