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In this paper, a single-phase reactive power compensation control for static compensator (STATCOM) is developed. The primary
novelty lies in that the reactive power compensation of STATCOM is reformulated as an equivalent tracking control for the
reactive current, and a novel unknown system dynamics estimator (USDE) is also investigated to address the unknown system
dynamics. A modeling phase based on a basic structure of single-phase STATCOM and the principle of STATCOM is first carried
out to describe its behavior. To address the unknown dynamics and external disturbances, a new USDE is then developed, so that
the modeling uncertainties and external disturbances can be accommodated without using a function approximator, where the
demanding computational costs and tedious parameter tuning in the other control schemes are remedied. Finally, based on the
proposed estimator, we design a composite control with a proportional integral (PI) feedback controller and the proposed
estimator to achieve precise current tracking. The convergence analysis of both the estimation error and the control error is also
given. Simulation results using a realistic simulator are presented to show the efficiency of the suggested strategy.

1. Introduction

To improve the power quality in the power systems, it is
necessary to provide users with pollution-free power and
make the voltage stable. However, the stability of voltage is
usually affected by many factors, e.g., generation, trans-
mission and distribution links, and nonlinear components in
the power grids, all of which cause fluctuations in the grid
voltage [1-3]. In addition, the low-voltage single-phase
inductive loads are widely used in the modern power sys-
tems, such as electric vehicle charging pile and electric lo-
comotive, etc., which will in turn increase the loss of reactive
power in the power systems [4]. Therefore, it is important to
study the single-phase dynamic reactive power compensa-
tion to improve the stability of power systems [5].
Reactive static compensator (STATCOM), shunt ca-
pacitor, synchronous condenser, and saturation reactor (SR)
are all widely used in the reactive compensation devices.
Compared with the traditional compensation devices, the
STATCOM has the advantages of wide operational range,

fast response speed, small capacity of energy storage ele-
ments, and control flexibility, and it can also compensate the
reactive power in two directions [6]. Hence, it has become a
modern reactive power compensation technology, which is
attracting much research interest. STATCOM is usually
connected in parallel with a 10 kV power grid system, so that
the multilevel technology becomes a key scheme of these
types of devices applied in the high-voltage power grid
system [7]. In the multilevel technology [8], the chain to-
pology has become the mainstream structure because of its
high degree of modularity, high equivalent switching fre-
quency, redundant operation, and other advantages [9-13].
Direct-current (DC) side voltage balance is the premise of
safe and reliable operation of chain STATCOM. Otherwise,
the overvoltage of DC bus caused by imbalance will lead to
the damage of the capacitor, burning of insulated gate bi-
polar transistor, and other serious faults, which will lead to
the shutdown of the device, and seriously affect the safety
and stability of the parallel grid. Therefore, many researchers
[14-17] have proposed DC-side voltage balance control
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strategies for STATCOM with chain structure, photovoltaic
grid connected inverter, power electronic transformer, and
other devices.

In fact, the existing control methods for STATCOM
include indirect current control [18], direct current control
[19], sliding film variable structure control [20], and beat
control [21], which use fully known system dynamics (i.e.,
nonlinear or linear dynamics). However, when we consider
systems with unknown dynamics, nonlinearities, modeling
errors, or disturbances, which are common in the power
systems, it is not easy to design a controller to achieve
satisfactory performance. Recently, U-model is proposed to
address nonlinear system dynamics [22-25], which was
originally developed by Zhu and Guo [26]. However, an
accurate system model is again required in this framework.
In the literature, the requirements on the system dynamics
can be relaxed in terms of some disturbance estimation and
rejection methods, e.g., high-gain observers [27, 28] and
sliding mode observers [29, 30]. Another efficient method to
deal with the unknown system dynamics is the disturbance
observer (DOB), which was originally reported in [31].
However, the early developed DOB is mainly suitable for
linear systems only. In the subsequent studies, various ad-
vanced DOBs have been developed, such as nonlinear dis-
turbance observer (NDO) [32], extended state observer
(ESO) [33], and unknown input observer (UIO) [34].
However, the aforementioned observers require designing
an observer, and they impose many parameters to be tuned,
which may not be an easy task for practitioners. In this
respect, it is worth to further investigate a new estimator
with less tuning parameters and guaranteed convergence to
address the unknown system nonlinearities for STATCOM
control systems.

Based on the above discussion, this paper will develop a
novel reactive power compensation method for STATCOM
with fully unknown nonlinear dynamics and external dis-
turbances. The reactive power compensation of STATCOM
is reformulated as an equivalent tracking control for the
required reactive current. Then, we construct a model of a
single-phase STATCOM based on its physical structure and
the principle of STATCOM. Moreover, a new constructive
unknown system dynamic estimator (USDE) is developed to
address the unknown disturbances and model uncertainties,
so that the function approximator is not needed, and the
demanding computational costs and tedious parameter
tuning are remedied. Finally, a proportional integral (PI)
controller is combined with the proposed estimator as a
feedforward compensation to achieve satisfactory tracking
control response, such that improved operation perfor-
mance can be achieved. The convergence analysis of both the
estimation error and control error is also given, which is also
verified in terms of simulations based on a realistic
STATCOM plant.

The major contributions of this paper include the
following:

(1) The reactive power compensation of STATCOM is
reformulated as an equivalent tracking control for
the required reactive current. This allows developing
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advanced control strategies to achieve improved
control performance.

(2) A novel USDE is developed to address the unknown
system dynamics, modeling uncertainties, and ex-
ternal disturbances, where the function approx-
imator is not needed, and thus, the demanding
computational costs and complex parameter tuning
are remedied. Different from the conventional DOB
and other observers, this USDE has only one tuning
parameter (the filter gain), and thus, it is easy to be
implemented.

This paper is organized as follows: In Section 2, based on
the structure of single-phase STATCOM and the principle of
STATCOM, we construct a model to describe the behavior
of the single-phase STATCOM. In Section 3, the proposed
USDE, composite controller design and stability analysis are
provided. Simulation results are given in Section 4, and some
conclusions are drawn in Section 5.

2. Preliminaries and Problem Formulation

2.1. Structure of Single-Phase STATCOM. The main circuit
structure of STATCOM can be generally divided into two
types (i.e., voltage bridge circuit and current bridge circuit).
In this paper, the STATCOM of single-phase voltage bridge
circuit is considered as the research object to complete the
reactive power compensation, since it has been used in many
power system applications. Figure 1 shows the basic
structure of single-phase STATCOM [7], which mainly
includes the following three parts.

2.1.1. Voltage Source Converter (VSC). In the voltage source
converter, the AC-side output is connected to the power
grid, which is also composed of two pairs for bridge arms in
parallel, where each pair of bridge arms is connected with
two insulated gate bipolar transistors (IGBTs) power
switches in series, and each IGBT is connected with one fast
recovery diode in reverse parallel. The main purpose of the
VSC is to produce an AC voltage from a DC voltage.
Therefore, it is commonly referred to a DC-AC converter.

2.1.2. Capacitor. The direct-current (DC) capacitor is used
to store energy and provide voltage for the VSC.

2.1.3. Coupling Reactor. Besides filtering out the possible
high-order harmonics in the inverter output voltage, the
reactor can be used to connect the voltage source between
the converter side and the grid side.

2.2. Principle of STATCOM. According to the reactor dy-
namics, the self-commutating bridge circuit is connected
with the power grid. Therefore, the circuit can generate or
absorb the current by adjusting the phase or amplitude of the
output voltage on the AC side of the bridge circuit properly
or directly controlling the current on the AC side of the
bridge circuit, so as to realize dynamic reactive power
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FIGURE 1: Structure of single-phase STATCOM.

compensation [9-13]. Moreover, the working principle of
STATCOM can be represented by the equivalent circuit
given in Figure 2.

In Figure 2, U s is the power grid voltage and U 7 is the
output AC voltage of STATCOM The Voltage U of reactor
is the difference between U ¢ and U > and T is the current
absorbed by STATCOM from the power grid. It should be
noted that (_])S, UI, and ?L are the vectors of Ug, U}, and U,
respectively.

As shown in Figure 3, when U 7 is larger than U s> the
current is 90° ahead of the power grid voltage, and the
STATCOM provides reactive power to the system. When U I
is less than U ¢ the current lags behind the power grid
voltage 90°, and the STATCOM absorbs reactive power from
the system.

2.3. Modeling of Single-Phase STATCOM. From Figure 2, we
can obtain the voltage current equation as

dI
Ui—-U;=RI+L—. 1
S I + dt (1)

Then, the system quickly detects the reactive current.
Through appropriate control, the STATCOM output cor-
responds to the reactive compensation current. To detect the
reactive current in the load, the instantaneous reactive power
theory [35] is used to construct the single-phase system into
a three-phase system.

By taking I as I, delaying I by 7/ (3w) and reversing it,
we have the c-phase load current I,. Using the sum of three-
phase current as 0, we can obtain the b-phase load current I,
as

I,=-1,-1. (2)

The equivalent d-q transformation is used for the three-
phase current. Without loss of generality, we assume that d-
axis coincide with the grid voltage vector. We can get the
following equation:

Iy
{I :|:Cabc2dq[1a Ib IC]T’ (3)
q

where I; and I, are the active and reactive components of
three-phase current, Cp, 4, is the transformation matrix:

+

e

7,0

FIGURE 2: Equivalent circuit of single-phase STATCOM with the
system.

. L (wt=2m\ | [(wt-27
sin (wt) s1n< 3 )sm( 3 )

2
Cach dq = g

wt =21 wt =21
cos (wt) cos( 3 ) cos( 3 )

(4)

After obtaining the reactive current I, of the load, we can
take it as the reference value of STATCOM to compensate
the reactive current. Furthermore, model (1) can be re-
written as follows:

I= _R I- % U
L L L
where b= (1/L) and d = (R/L)I + (Ug/L) are the control
gain and the lumped disturbances. In addition, U; is the
control signal in (5). It is noted that d includes the system
dynamics stemming from the unavoidable disturbances and
load variations in the power systems. Without loss of
generality, we assume that the derivative of d is bounded, i.e.,
Sup;sold| < ¢ holds for a constant { > 0. Hence, the aim is to
design a proper control such that the current I can track the
reference I,.

= bU[ _d) (5)

Remark 1. In some existing results for STATCOM control
designs, the system dynamics are assumed to be fully known.
Since U, and I in equation (5) are the dynamic variables, we
can consider this part (i.e., variable d) as a total disturbance
to be compensated in the control design, which will greatly
reduce the melding effort and improve the current tracking
effect. In this line, the classical methods to handle unknown
dynamics, such as high-gain observers [27, 28] and sliding
mode observers [29, 30], may impose heavy computational
costs and achieve poor convergence (e.g., chattering),
leading to difficulties in practical applications. Another ef-
ficient method to deal with the uncertainties is the distur-
bance observer (DOB) [31]. However, the early developed
DOB is mainly suitable for linear systems only. Although
various advanced DOBs have been developed, such as
nonlinear disturbance observer (NDO) [32], extended state
observer (ESO) [33], and unknown input observer (UIO)
[34], the aforementioned observers require to design an
observer, and they impose many parameters to be tuned,
which may not be an easy task for practitioners. To remedy
this issue, this paper provides an alternative USDE, which
has the same function as DOB, but a simpler structure and
one tuning parameter only.
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(b)

FiGure 3: Single-phase STATCOM work vector diagram. (a) Current lead. (b) Current hysteresis.

3. Composite Current Control with Unknown
System Dynamics Estimator

3.1. Unknown System Dynamics Estimator. In order to
handle the lumped unknown dynamics in system (5), we will
propose a novel USDE, which can estimate d by using the
measured input and output. For this purpose, we define I
and U, as the filtered variables of I and U as

{kif+1f=1, 1;(0) =0,

. (6)
kUIf+UIf :UI’ Ulf(O) :0,

where k > 0is a constant parameter denoting the bandwidth
of the adopted low-pass filter.

The principle of invariant manifold will be explored to
design the estimator. In this line, we first introduce the
following result.

Lemma 1 (see [36, 37]). Consider system (5) and filter op-
eration (6), a variable is defined as

p= %-(w,f -d). (7)

Then, this variable is bounded for any finite constant
k > 0 and converges to zero exponentially, that is,

I-1
S R IR

Proof. From (6) and (7), the time derivative of 3 is given by
. I-1 . . 1 .
_ f _
B=—-(0U1; - d) = — (B kd). 9

Select a Lyapunov function as Vg = (1/2)B* such that

. 1 .
V== +pd. (10)
According to Young’s inequality, we have
-1 5, k2
_ = 11
pd< Pt 2d . (11)

Substituting (11) into (10), we can get the following
inequality:

(12)

By solving inequality (12), one can easily verify that
Vﬁ(t)Se‘”kVﬁ(O) +k2*/2. Thus, B(t) will converge to a
small compact set bounded by
B(O] = 2V 4 (1) < \Je= B (0) + k20, where its size is de-
termined by the filter parameter k and the upper bound ¢ of
d, ie., lim,_ f(#) = k{, which vanishes for sufficiently
small k and/or d (i.e., d =0). This completes the proof. [

The above ideal invariant manifold provides a mapping
from the measured variable I and U;; to the unknown
system dynamics d. Thus, it can be used to design an es-
timator for d, which is given by

_ I-1
d=bU;, -—7
If k

Clearly, only the scalar constant k > 0 used in the filter
should be selected by the designer, which is a trivial task in
comparison to the existing ESO and DOB methods.

Now, we have the following results:

(13)

Theorem 1. (see [36, 37]). For system (5) with unknown
system dynamics estimator (13), the estimation error ey =

d - d is bounded by leg (1)] < \eg? (0)e % + k2{* and thus
d — d holds for k — 0 and/or { = 0.

Proof. After applying the filter operation 1/ (ks + 1) on the
both sides of (5), we can get

ifszIf_df’ (14)

Substituting the first equation of (6) into (14), we get

I-1
- f

Comparing (13) with (15), it is easy to find d= df.
Therefore, the estimation error can be derived as

ep=d-d=d-d,. (16)

To facilitate the proof, we further derive the derivative of
the estimation error in (13) as

bp=d-d=d- (d-d)=d-er ()
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Obviously, the estimation error can be very small, when a
sufficiently small k is used. To show this point, a Lyapunov
function can be selected as V' = e%/2, and its derivative can be
calculated as

) 1 .
V =epép = —Eelz: +epd. (18)
According to Young’s inequality, we have
e kd
d<f4— (19)
ST 2

Substituting (19) into (18), we can get the following
inequality:

1,

V=eFéF=—%eF+eFdS :

1
—EV+5(

Hence, one can calculate the solution of inequality (20)
as V (t) <e "V (0) + k**/2, which further implies that the

estimation error is bounded by [ey (£)| < \/ep? 0)" "k + k282,

and thus, we can claim eg (f) — 0 for k — 0 and/or { = 0.

(20)

This completes the proof. O

Remark 2. From the above analysis, we know that the
unknown system dynamics can be estimated accurately by
constructed USDE (13). It is noted that the proposed USDE
only imposes the filter operations given in (6) and algebraic
calculation given in (13). Moreover, only the filter gain k in
(6) needs to be set by the designers. Hence, the structure of
USDE is simple and its implementation is straightforward.

3.2. Composite Control Design Based on USDE. In this sec-
tion, the aforementioned estimator will be introduced into
the control design for system (5) to achieve current tracking.
Furthermore, we will use the estimated term d in (13) as an
extracompensator superimposed on the PI control to design
a new composite current control for the STATCOM plant.
The composite control with the proposed USDE together
with a PI control [38] is shown in Figure 4.

Let I, denote the reference current signal I, The
current tracking error is defined as follows:

e:Iref—I. (21)

To reduce the tracking error e, the controller can be
designed as

U, = b[kpe+k,. r e(r)d”a]. (22)
0

where U; is the output AC voltage of STATCOM,
k,>0 and k; >0 denote the effect of the proportional and
integral gains. d is a newly added compensation in addition
to the feedback control part given in (13).

It is clear that the first part is the PI control, which is used
to retain the stability of the controlled system, while the
second term is the estimate of unknown dynamics to achieve
satisfactory tracking response. Hence, the stability of the
proposed control system with the estimator and composite

control and the convergence of estimation and control errors
can be summarized in the following.

Theorem 2. If composite control (22) with estimator (13) is
applied for STATCOM system (2), the current tracking error
e and the estimation error e will converge to a small
compact set around zero, and I can track the desired ref-
erence I, detected by the system.

Proof. By deriving (21) and substituting (22) into (5), the
following equation can be obtained:

. t
é=d-d-ke-k | edr
0

t (23)
—ep—kye—k JO e(1)dr,
which can be rewritten as
¢=ep—kye—ke, (24)

where e; = I; e(7)dr. To cope with the integral term e;, we
define the augmented error vector as E = [e; e]’ and select
an augmented Lyapunov function as
V = (1/2)ETPE + (1/2)e? for a positive symmetric matrix P.
Then, (24) can be written as

. 0 1 0
E= P E+[1]eF=AE+BeF. (25)

The preconfigured PI control gains k, and k; are set to
retain the stability of the control system, such that the matrix
A can guarantee that the error system E = AE is expo-
nentially stable. Then, based on the Lyapunov theory, there
exist positive definite symmetric matrices P>0 and Q>0
such that P+ ATP + PA = —-Q holds, and thus ELP E can be
taken as a Lyapunov function for the error system. In this
case, we calculate the time derivative of the augmented
Lyapunov function along (17) and (25) as

. 1 T o l-T 1 T 1 .
V =_E'PE+_E PE+_E'PE +epéy

1 1 .
=- EETQE +E'PBey, — p er +epd

1 Mz (L 1+IPBI*Y 5 ng?
(A (@@= VEP - - -2 ULl
2<Amm(Q) 2>|| I (k 2 e+

IN

IN

-aV + B,
(26)

where 7 >0 is a positive constant from Young’s inequality,
a = min{(A i, (Q) = 7/2)/A e (P), 2(1/k = (1 +||PB|*)/21)},
and B =n("/2 are positive constants for appropriately se-
lected parameters <21, (Q) and k<2x/(1+ |IPBI?). This
implies that V (t)<e %V (0) + 112(2/2; thus, the control er-
rors e, e; and the estimator error ep will exponentially
converge to a compact small set Q:={eeg|le|
<nllel<nllepl<n}. Tt is clear that lim,  e(t)=
0,lim,_,_e;(t)=0, and lim, ,__ep(t) =0 hold for # — 0
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FIGURE 9: Current tracking error with composite control (PI+ USDE).

and/or { — 0, for which k is adequately small and/or d is a
constant and thus the bound of |d| is { = 0. This completes
the proof. O

As shown in the above proof, PI control is used to
guarantee the stability of the STATCOM current control
system. Then, the estimation d is taken as an extra-feed-
forward compensation to achieve disturbance rejection and
thus better performance. In this respect, this idea brings a
two-degree-of-freedom control structure in which the de-
sign of the USDE is independent of the PI control, and thus,
even in the worst case without the compensator, the con-
trolled system is still stable. Hence, the proposed estimator
can be combined with other STATCOM controllers to
achieve better control response.

4. Simulation Results and Analysis

Recently, STATCOM has been extended to the compen-
sation of distribution systems. The purpose of this paper is to
design a controller, which can control the current of
STATCOM, so as to complete the compensation of the
distribution system. To verify the effectiveness of the system
model and the control method proposed in this paper, we

build a simulation model based on Matlab/Simulink. In the
systems, the electric locomotive load is a typical single-phase
load, so that we use the resistance and inductance load to
simulate the inductive load of electric locomotive. The whole
simulation model consists of three parts: main circuit,
controller, and measurement module. The function of the
measurement module is to detect the reactive current in the
load. The parameters of the system used in the simulation are
given as follows: the effective value of grid phase voltage
U, =220V, the frequency is 50 Hz, the connected induc-
tance L = 9 mH, the inductive reactive power of the load is
5000 Var, the DC side capacitance C =350 uF, and the
capacitor voltage U,. = 700 V. To show the structure of the
proposed STATCOM control system, the diagram of the
built Simulink model is given in Figure 5.

The PI controller parameters are set as follows: the
proportional gain k, = 300 and the integral gain k; = 13.
Furthermore, the filter constant of USDE is k = 0.001. In
order to test the effectiveness of STATCOM reactive power
compensation with/without the proposed control method,
we take STATCOM into the load circuit at 0.2 s through a
breaker. Moreover, to further show the efficacy of the
proposed approach, a sliding mode observer used in [39] is
also tested for comparison in terms of estimating the
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unknown dynamics d, and the parameters used in the sliding
mode observer are set as k = 0.01 and A = 150.

When the inductive load is set to 5000 Var, the wave-
forms of voltage and current on the grid side are shown in
Figure 6. By comparing the waveforms before and after 0.2's,
we can find that before putting the device into the operation
as the load, the systems are inductive, and the inductive
reactive power needs to be absorbed from the grid side. It is
clear that the system current lags behind the system voltage,
such that the power factor is very low. Nevertheless, after
completing the reactive current compensation for the
STATCOM, the voltage and current are in the same phase
and thus the power factor also increases. Hence, we can find
in Figure 7 that the power factor increases from about 0.7 to
almost ideal value of 1. The current tracking result is shown
in Figure 8, where the proposed composite control with the
PI control and USDE can achieve satisfactory tracking re-
sponse. The current tracking error is given in Figure 9, which
shows that the steady-state error converges to 0 after putting
the STATCOM into operation. Finally, the profiles of the
estimated dynamics with the USDE and the SMO are given
in Figure 10, which indicate that better estimation perfor-
mance can be achieved by using USDE than that of SMO.

From the above simulation results, we can claim that for
the electric locomotive system, the proposed composite
control strategy with the USDE and PI controller can reduce
the error of current fluctuations and realize more efficient
reactive power compensation.

5. Conclusion

In this paper, the reactive power compensation of STAT-
COM is reformulated as an equivalent tracking control for
the required reactive current. We first construct a model of a
single-phase STATCOM based on its structure and the
operation principle of STATCOM. Then, a new USDE is
proposed to address the lumped unknown dynamics in the
STATCOM model. With the suggested USDE superimposed
on a standard PI control, a composite control structure can

be derived. This brings a two-degree-of-freedom control
structure in which the design of the USDE is independent of
the PI control, and thus even in the worst case without the
compensator, the controlled system is still stable. The
convergence analysis of both the estimation error and
control error is rigorously studied. Finally, numerical sim-
ulations are given to support the theoretical claims and show
the effectiveness of the proposed method.
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