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Enhancing Inductive Operation of Low-Capacitance
Cascaded H-Bridge StatComs Using Optimal
Third-Harmonic Circulating Current
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Abstract—The cascaded H-bridge (CHB) low-capacitance static
compensator (LC-StatCom) has a limited operating range in the
inductive region compared to a conventional StatCom due to the
inherent large oscillations on the capacitor voltages. This limitation
constitutes a great drawback of CHB LC-StatComs. This arti-
cle presents an effective hardware-free solution to overcome this
drawback. The proposed solution is based on the injection of an
optimal third-harmonic circulating current to suitably shape the
capacitor voltages aiming at avoiding overmodulation. Consider-
ing all the effects of the third-harmonic circulating current, the
article proposes a reference design that guarantees a prescribed
safe operating voltage limit, thus increasing the operational range
of the LC-StatCom. The proposed approach takes into account
the inherent induced oscillation on the capacitor voltages. This
approach has been verified by simulation and experimentally with
a laboratory prototype, corroborating the excellent performance
that agrees with the theoretical analysis.

Index Terms—Arm current, capacitor voltage ripple, cascaded
H-bridge (CHB), circulating current control, multilevel converter,
static compensator (StatCom), zero-sequence current injection.
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I. INTRODUCTION

OW-CAPACITANCE static compensators (LC-StatComs)

based on the cascaded H-bridge (CHB) multilevel con-
verter have been recently proposed [1]-[6], showing reductions
of approximately 80% in required energy storage capacity with
respect to conventional CHB StatComs. The fact of being able
to use reduced capacitance values allows reducing the converter
size and cost for a given rated power or replacing the traditionally
used electrolytic capacitors by more reliable technologies, such
as film-type capacitors [7]-[9], which generally exhibit very
low equivalent series resistance values. Smaller capacitances
implicate time-varying capacitor voltages with relatively large
oscillations [10], [11]. These oscillations have been proven
to provide benefits in terms of efficiency and ac-side wave-
form quality when working in the capacitive region [12]-[14].
Nonetheless, the induced oscillation on the capacitor voltages
yields overmodulation issues when working at certain power
ranges in the inductive mode [2], [15], [16], because the ac-side
converter voltage references overlap the capacitor voltage wave-
forms. The reduced operational range in the inductive mode is
considered the main drawback of the LC-StatComs compared
with conventional StatComs.

In order to overcome the aforementioned shortcoming, Farivar
et al. [15], [16] report a passive reactive compensated single-
phase LC-StatCom system. The concept consists of adding a
series thyristor-bypassed-reactor to increase the voltage drop
between the grid and the LC-StatCom when injecting inductive
power. The larger voltage drop, reported in approaches [15],
[16], increases the operating range in the inductive mode at the
expense of adding extra hardware.

A different solution to the limited operating area in the induc-
tive region is presented in [17], where a dc-link voltage shaping
method for single-phase CHB LC-StatComs with energy storage
integration is used. By suitably controlling the output current of
adc—dc converter, the dc-link capacitor voltage waveform can be
shaped as desired regardless of the operating point. Therefore,
the operating range in the inductive mode is increased at the
expense of adding a power processing subunit by the dc—dc
stage. The solution is especially suited for enhanced StatCom
applications, in which the StatCom is integrated with either a
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renewable energy source or an energy storage system, as the
additional hardware needed is already installed.

The previous approaches were aiming at finding a solution to
apply on each individual phase. Utilizing the flexibilities of a
three-phase system with the purpose of increasing the operation
range to full inductive mode was explored in [6]. A third-
harmonic zero-sequence voltage was added to the three ac-side
converter voltages of an LC-StatCom with star configuration.
Specifically, Niu ez al. [6] present a method to derive the optimal
value of the third-harmonic voltage that minimizes the average
value of the voltages in the capacitors, which, in turn, reduces
the switching losses, as in [5]. Unlike [6], the proposed method
minimizes the magnitude of the third-harmonic zero-sequence
current in a delta-connected system in order to minimize the
conduction losses.

This article proposes a novel compensation method based on
circulating current injection for three-phase LC-StatComs with
delta configuration [18]-[22] with the purpose of increasing the
operation range to full inductive mode. Despite the fact that
the proposed method is described for delta configuration, this
approach can be readily extended to an LC-StatCom with star
configuration. However, adapting the proposed method to the
CHB-StatCom with star configuration should consider using the
dual variable of the circulating current, i.e., the zero-sequence
voltage [23].

Unlike the aforementioned solutions in [15]-[17], no extra
hardware is needed. The aim of the circulating current is to ade-
quately shape the capacitor voltages in such a way that overmod-
ulation is avoided without increasing the voltage rating through-
out the entire range of operation. To do so, a constrained opti-
mization problem that minimizes the circulating current magni-
tude is proposed and solved analytically. Moreover, the article
describes the calculation of the main reference waveforms taking
into account the third-harmonic circulating current injection.
Specifically, the shaped capacitor voltage references, ac-side
converter voltage references, and shaped modulating signal ref-
erences are calculated according to the third-harmonic injection.

The rest of this article is organized as follows. In Section II,
the modeling of the LC-StatCom with delta configuration is
reviewed, where the main steady-state relationships are pre-
sented. The section also describes the operational limit of
LC-StatComs in the inductive mode. Based on the model, an
optimal third-harmonic circulating current injection method to
expand the inductive operation range is described in detail in
Section III. Specifically, the shaped state trajectory, constraint
modeling, and the resultant constrained optimization problem
are addressed in detail. Section IV quantifies the power loss
and current stress incurred. Section V provides experimental re-
sults that corroborate the excellent performance of the proposed
approach. In addition, complementary simulation results, which
show multilevel waveforms, are presented in Section VI. Finally,
Section VII concludes this article.

II. MODEL OF LC-STATCOM WITH DELTA CONFIGURATION

This section reviews the topology of LC-StatCom with delta
configuration, its state variables, and its main mathematical
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Fig. 1. Circuit diagram of a three-phase CHB power converter with delta
configuration.

relationships. Also, the main operational limit of the LC-
StatCom in the inductive mode, when no circulating current is
injected, is reviewed.

A. Topology

Fig. 1 shows a circuit representation of an LC-StatCom with
delta configuration. The power converter consists of three identi-
calphasearms z € X = {ab, bc, ca}.Eachphase armincludes
n series-connected H-bridges j € J = {1, 2,..., n} and an
arm inductor L. Each H-bridge consists of a floating capacitor
C at its dc side and two pairs of power switches that work in a
complementary manner, which provides three different output
voltage levels. The three ac terminals of the power converter
(a), (b), and (c) are connected to the point of common coupling
(PCC), where the grid voltages are indicated as e, €, e..Inthe
model, also an inductor L to filter the line currents is considered.
Losses are modeled as series resistances R and R, in the line
and in the arm, respectively, as depicted in Fig. 1.

B. Steady-State Relationships in CHB Multilevel Converters
With Delta Configuration

In this subsection, for the sake of completeness, the main
mathematical relationships of a CHB multilevel converter with
delta configuration are revisited.

The cluster voltage reference v3;_, is defined as the sum of
capacitor voltage references in a phase arm, i.e.,

'UE],I = Zvéij (1)
jeg

where v(,_,; is the capacitor voltage reference in the jth H-
bridge for the xth phase arm.

In addition, each phase-arm converter voltage reference v} in
the averaged model is related to its corresponding cluster voltage
reference v3;_, as

vy = 03v5 @

where §% € [—1, 1] stands for the modulating signal refer-
ence [24]. This assumes that the capacitor voltage references are
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- . . .
balanced within the converter phase arm, i.e., vg,_,; = v5;_, /n,
Vg, x [25]-[28].
The grid current references i}, 4;, and 7}, are linear combina-
: Fx Fx x
tions of the arm current references i}~ ..., P2 o> and 43 ..
However, the transformation matrix of line currents to arm cur-
rents is nonfull rank. When introducing the circulating current

reference 43, as a constraint of arm current references [18], [21]

. 1. . .
l:irc = g (1:.1'1'[1*(11) + Zz):rmfbc + Z:rmfca) (3)

the following relationship for the converter arm current refer-
ences is obtained:

Z.:rmfab 1 1 -10 Z; 1
e | = 3 0 1 —1 4+ 1] e 4)
i on 1o 1] D

Note that the previous definitions (3) and (4) guarantee that
the grid currents are not affected by the circulating current.
However, the circulating current affects the instantaneous ca-
pacitor voltages, thus providing a degree of freedom to achieve
cluster (interphase) balancing [18], [21], among other objectives
[19], [20].

Applying circuit analysis, and using (4), the instantaneous
phase-arm converter voltage references in (2) can be alterna-
tively expressed as follows:

Vab
Upe
Vea
1 -10 g [ i*
=5 | 0 1 1| ( Leagy |5 |+ Bea | s
10 1 i* i*
Cab| |1 di
+ | €pe | + (Larmjgc + Rarmi:irc> (5)
€ca 1

where Req = 3R + Ry and Leg = 3L + Ly represent the
equivalent arm resistance and inductance, respectively, and ey,
epe, and e, refer to the line-to-line PCC voltages.

C. Operational Limit of LC-StatComs in Inductive Mode

Operation of LC-StatComs based on CHB converters is lim-
ited by the fact that the cluster voltage reference v3,_, has to be
higher than the ac-side voltage reference v}, i.e., [v3| < v __;
otherwise, the corresponding modulating signal reference J;
saturates according to (2), i.e., |0} > 1.

The aforementioned operational limit is analyzed here ne-
glecting losses, and without considering circulating current
injection, i.e., i, = 0 in (4) and (5). These effects will be
considered in the next section.

According to the converter dynamics, the cluster voltage
references fulfill the following expression [24]:

*
dvEfz

vgfxcarmT = _U;i:rmfx (6)

where Cymy = C/n represents the equivalent arm capacitance.
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Using (4) and (5), and considering an ideal sinusoidal grid
voltage and a sinusoidal injected current reference, i.e.,

e, = Fr cos (wt + ¢z)

" 7
o = T 08 (wh + 0% + ) @

with ¢, € {0, —27/3, 27/3} as the phase-shift among phases,
the cluster voltage reference v3,_, can be analytically calculated
from (6) as [2], [24], [29]

* 2 V*ja*rm :
vE . =1/ (nVyp)” — 50 (14 sin (2wt + ¢* + 2¢,)).
(®)

Parameters £, and w stand for the amplitude of the line-to-
line PCC voltages and the grid angular frequency, respectively.
Parameters fa*rm and @* are the amplitude and phase of the
differential arm current references. Ideally, without losses, phase
shift ©* is 7 /2 rad in inductive mode and — /2 rad in capacitive
mode (according to the convention of currents defined in Fig. 1).
Parameter V* represents the amplitude of the ac-side voltage
reference vZ, and Vyp is the upper bound voltage, which is a
prescribed constant value chosen to ensure safe circuit operation.

It is important to highlight that (8) ensures that the cluster
voltage references v3;_, have a maximum at nVyg [i.e., the max-
imum occurs when sin(2wt + ¢* + 2¢,,) = —1in (8)], and this
maximum does not depend on the current amplitude reference
I*  [2]. Nonetheless, the minimum in v%,_, does depend on Ix

rm?
i.e., the higher the I - the lower the minimum. In the capacitive
mode, the cluster voltage reference v3;_, given by (8) is in phase
alignment with the ac-side voltage reference v}; thus, large
cluster voltage oscillations do not create any overmodulation
issue. On the contrary, in the inductive mode, the oscillations are
in counterphase, and therefore, the operation is limited, i.e., there
could be periods of time where |v}| > v3,__,and hence, 55| > 1
according to (2), which cannot be physically implemented [2],
[15]. This limited operating range in the inductive region is
defined in condition (9), which relates the minimum cluster
voltage reference (left-hand side) with the amplitude V* of
the ac-side voltage reference (right-hand side) during inductive
operation. If the following condition is met, the LC-StatCom
can provide the required inductive power

, (EL - wLeqf;rm) I
(nVus)” —

Z (EL - wLeqf;nn) .
©)

In order to illustrate the previous limit, Fig. 2 shows reference
waveforms of an LC-StatCom when an abrupt transient from full
capacitive power to full inductive power occurs at £ = 0.05 s. It
can be observed that during some time periods in the inductive
region, the required ac-side voltage reference v} to provide
the desired current I, am 1s higher than the required cluster voltage
reference v}, i.e.,|vy| > v% .. InFig. 2, these periods of time
are shaded in light blue.

The next section deals with the calculation of a circulating
current reference that shapes the cluster voltage references in
such a way that they are always larger than the ac-side voltage
references.

wcarm



RODRIGUEZ et al.:

i*

~ larm—ab
X
Vab

"
—)

Full Inductive Current

Full Capacitive Current

15 I I I I 1 I I

0 0.01 0.02 003 004 005 006 007 008 0.09 0.1
Time (s)
Fig. 2. Main reference signals in an LC-StatCom without circulating current

injection. The blue waveform is the per unit cluster voltage reference, where the
base voltage is nVyg. The green waveform is the per unit arm current reference,

where the base current is [%,, at the rated power.

III. CLUSTER VOLTAGE SHAPING METHOD USING
THIRD-HARMONIC CIRCULATING CURRENT

This section describes a circulating current injection method
to allow the LC-StatCom to operate at full range in the inductive
mode. First, a case without losses is considered to facilitate
the explanation of the proposed method, and then, the effect
of losses is evaluated. Obviously, circulating current is only
injected during the inductive mode and when condition (9) is
not met, i.e., when the minimum cluster voltage references are
lower than the amplitude of the ac-side voltage references.

Thus, the purpose of injecting the circulating current is to
increase the value of the cluster voltage minimums. A third-
harmonic circulating current reference 4%,. is considered, since
the capacitor voltage oscillation has a frequency twice that of
the grid voltage. Consequently, each cluster voltage has two
minimums in a grid period, and then, along the grid period, there
are six minimums due to the three phase arms (according to the
120° phase shift among phases). Thus, the circulating current
needs to have a frequency that is three times that of the grid.
Consequently, the arm current references in the inductive
mode in (7) are modified accordingly as

arm—x

% _ Tk
? - 7Iarm

e sin (wt + ¢,) + fc*irc sin (3wt) (10)

where I% . is the magnitude of the circulating current reference.

The proposed circulating current is a pure third harmonic. Any
other circulating current with higher harmonics would require an
increase in the converter bandwidth response. Moreover, higher
harmonics in the circulating current will create larger voltage
drops across the arm impedance that will appear at the ac-side
voltage references v} according to (5).

The ac-side converter voltage references v, considering the
third-harmonic circulating current can be calculated by substi-
tuting (10) into (4) and (5). The injection of the third-harmonic
circulating current shapes the capacitor voltages. Then, the
shaped cluster voltage references v3,_, can be calculated by
solving the differential equation in (6) considering (10), i.e.,

2
UE—II = \/(UE—QL(O))Q - Ci vy Zarm a,dt (11)
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forxz € {ab, be, ca},and where v¥_, (0)is the initial condition.
Note that the integrator operator in (11) can be solved analyti-
cally since all the terms are sinusoidal.

Therefore, assuming no losses, the shaped cluster voltage
reference for phase arm ab v5,_,; is as follows:

Tx Tx

v = ViR ﬁ cos (2wt)
V* + 3wLam
arm I* 2 t

+ 2wcarm Ccirce COS( w )
V* 3wLarmIarm .

—+ WI‘:“C COS (4wt)

+ Lam 1*2 cos (6wt) . (12)
2Cdrm cire

Similar expressions can be readily written for the other con-
verter arms. Variable V2 is the dc component of the square
cluster voltage references. Comparing (12) with (8), the circu-
lating current injection adds three extra harmonic components,
namely, a second (2w) negative-sequence harmonic, a fourth
(4w) positive-sequence harmonic, and a sixth (6w) harmonic
that is common in the three cluster voltages. It is important to
note that the circulating current phase angle chosen in (10) yields
an extra second harmonic in (12) that is in counterphase with the
original second harmonic [14]. This circulating current phase
angle ensures that the compensation action by the circulating
current is symmetrical. The value of the shaped cluster voltage
V3 _ 41> according to (12), at time instants 2wt = 0 + 2k7 with &
as an integer number, is denoted in the following as Vscy,, and
it has to be higher than the ac-side converter voltage reference
vy. Any loss of symmetry, due to a different circulating current
phase, will shift the time instant in which Vg¢,,, occurs and,
consequently, will involve a larger circulating current.

Once the shaped cluster voltage references v3,_, and ac-side
converter voltage references v are derived, the modulating
signal references J; are calculated according to (2).

In the following, the shaped cluster voltage v3;_;, according
to (12), at time instants 2wt = 7 + 2k, is denoted as Vscoar,
and it will be used in the derivation of the circulating current
amplitude.

It is important to highlight that this reference design criterion
stands in contrast with that commonly adopted in the conven-
tional StatCom applications, where the capacitor voltages are
regarded as constant.

A. Optimal Amplitude of Third-Harmonic Circulating
Current: The Lossless Case

The amplitude of the proposed circulating current IC*er and
the dc component of the square cluster voltage references V2
represent two degrees of freedom to shape the cluster voltage
references v3;,_, [see (12)]. In this subsection, a constrained
optimization problem is formulated, which aims to minimize
I%,. while satisfying that: 1) Ve, is higher than the ac-side
converter voltage reference v}, and 2) Vgcas is lower than a

prescribed maximum value nVyg. Obviously, minimizing the
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circulating current %, results in minimizing the rms arm cur-
rent, which is related to conduction losses in the arms.
Evaluating (12) at time instants 2wt = 0 + 2k, Vng cor-

responds to

3(V* +wLanlim) .

V*f*
V2 — V _ arm _
SCm 0 2WCarm 4wca:m circ
L
+ 50 L (13)

which defines a second-order equation in terms of the unknown
amplitude of the circulating current reference IC*er Note that
the independent term corresponds to the original minimum, i.e.,
when no circulating current is injected, and that the rest of the
terms are strictly positive and, therefore, help to raise the original
minimum. Vse,, has to be always larger than or equal to the

shaped ac-side voltage reference vy, i.e., for the phase arm ab

Vscm > hv;b (wt =0+ kﬂ') (14)

with the parameter & > 1. Note that h models a desired slack
in the condition (14). Note also that i > 1 implies that the
shaped modulating signal references d;; are strictly smaller than
1, according to (2). Thus, substituting the value of Vgc,,, given
by (13), we can rewrite (14) as

( Larm
QCarm
3(V* 4 wlambiw) )

- 1O + h26w L V* | 1%,

V*Ix
rm h2v*2 < V*Z
+ <2derm + > =0
which defines an admissible area in the ( I%,., Vi?) plane.

Similarly, the V&, value is derived using (12) particularized
at 2wt = m + 2k7 and corresponds to

+ (h3wLam) ) 2

+

5)

V*I* V* + 9w Lo I
V2 - V arm o arm I*
SCM 0 2 Wcarm 4WCarm c1rc+
L
263““ 2 (16)

which again is a second-order equation in terms of IC*HC Note
that the independent term corresponds to the original maximum
value, i.e., when no circulating current is injected, and that the
rest of the terms are strictly negative and, therefore, help to lower
the original maximum. The Vs s has to be always lower than

or equal to the prescribed upper bound voltage nVyg, i.e.,
Vsem < nVus.

a7

Considering that the circulating current I%,. is desired to be
considerably smaller than Ia*rm, and taking into account that
the coefficients of the second-order terms of (13) and (16) are

smaller than the first-order terms, the second-order terms of
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posed third-harmonic circulatmg current injection method. The reactive current
I,, has been defined as I, = I, sin(p*).

(13) and (16) can be neglected. Therefore, (14) and (17) can
be approximated as a pair of two linear constraints.

Thus, the problem of minimizing the circulating current under
the previous constraints can be modeled as the next linear
programming problem

Minimize I

*

subject to A, ‘I;gg} > b,
0

I%, 0
w (]2 3

where the matrix A., which groups the constraint coefficients,
and the vector b, which groups the independent terms in the
constraints, correspond to

(18)

A, = 3(‘/*::0[’6:"“1;‘-") 76h2WLarmV* 1 19
¢ \H/*Jrngd,mLrm 1 (19)
L 4wClym
r 2
¥ V I”ﬂ'f“
b, = () + o 20)
_ (nVUB) + 2wCa,m

Note that A, and b, define a set of feasible solutions in the
(1%, Vg?) plane.
The solut1on of the linear programming problem (18), namely,

the optimal point ( I3, V;***"), corresponds to
f*opt B
{Vilazpt = AZ'be. @n

Therefore, according to (21), the optimal circulating current

7Hopt
IS corresponds to

aire = vwswme;m

~ (22)
— 6h2w2Clym Lyym V*
where it can be noted that the greater the term (nVyp)? —
(hV*)? is—which represents the quadratic difference between
the maximum and the minimum allowable shaped cluster
voltages—the smaller the circulating current quf " has to be to
achieve full-range inductive operation.

Fig. 3, which has been obtained according to [2] and [15],
depicts the enhancement of inductive range in an ideal case,
i.e., when the filtering impedances are neglected, the slack
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Fig.4. Mainreference signals in an LC-StatCom with the proposed circulating
current injection. The blue waveform is the per unit cluster voltage reference,
where the base voltage is nVyyg. The green waveform is the per unit arm current

reference, where the base current is I}, at the rated power. Slack parameter
valueis h = 1.

variable h is 1, and with the assumption that the capacitor
voltage oscillation reaches its theoretical 100% limit at rated
condition. Fig. 3 shows the operating limits when no circulating
current is injected (shown in the figure by means of an arrow
and a comment in red), and the operating limit when the optimal
circulating current is injected (shown in the figure by means of
an arrow and a comment in blue).

A more realistic case, that is, when the capacitor voltage
oscillation is above 60% of its dc values, is illustrated in Fig. 4,
showing the current and voltage references that an LC-StatCom
has to follow when the operation state changes from capacitive to
inductive power att = 0.05 s. Note that, unlike in Fig. 2 when no
circulating current was injected, in Fig. 4, the LC-StatCom can
operate at full inductive power without saturating the modulating
signal.

Note that (10) only considers a positive-sequence reactive
power compensation. If any other harmonic component is re-
quired, e.g., for negative-sequence reactive power compensa-
tion, the procedure to enhance the inductive operation mode
should be modified to take into account the new phase and
magnitude of the capacitor voltages oscillation.

B. Optimal Amplitude of Third-Harmonic Circulating
Current: The Losses Case

This subsection addresses the effect of power losses on the
phase and amplitude of the optimal injected third-harmonic
circulating current. The losses modify V., and V25, in (13)
and (16), respectively. Consequently, the optimal point in (21)
has to be calculated accordingly.

When losses are considered, the phase shift ¢* between the
grid current references 7, i, and 4}, and the PCC voltages e,
ep, and e, is not purely reactive [24], namely

=+ (r/2+a") (23)

where the positive losses compensation angle o* > 0 guarantees
zero dc power component in the arms during steady state [24],
ie.,

| W

(ELf;m sin (0*) — Regl?2 — Rmfgfc) —0. (24

10793

Otherwise, the accumulated energy in the capacitors will in-
crease or decrease during a period. According to (24), the losses
compensation angle a* corresponds to

(25)

L2 + RumIZ2
Eplx.

. Reol,
o* = arcsin < d”arm

which is determined by the losses in the converter at the op-
erating point. Obviously, the circuit is not purely reactive when
Rym # 0or R # 0, and the phase shift o* takes into account the
relationship between the active power absorbed from the grid,
that compensates for the losses, and the apparent power drawn
from the grid.

Note that Reqf 22 > Raml, c*u?c because: 1) Ry is usually con-

siderably smaller than Req = 3R + Ram; and 2) I*

circ

is designed

to be considerably smaller than ] +n inorder to have a reasonable
level of losses. Thus, (25) can be approximated by

Regl*
a* &~ arcsin [ ——am
Er

which facilitates writing V2., and VZ,,, expressions as
second-order equations in terms of Ac*irc.

Consequently, the injected circulating current has to take into
account this phase shift. Hence, the arm current references ¢

arm—x
in (10) are modified as

(26)

it e = — L5 sin (Wt + o + ¢p) + I3, sin (3wt + 30*) .
27)
The ac-side converter voltage references v} considering the
third-harmonic circulating current and the losses can be calcu-
lated by substituting (27) into (4) and (5). Subsequently, the
shaped cluster voltage references v3,_, can be calculated by
solving (11). Hence, the shaped cluster voltage reference in (12)
is modified accordingly as

V3 o = Vit — Ag cos (2wt — 1)

+ Al

circ

cos (2wt — 1h1)
+ Ao I, cos (4wt — 1)

+ AgI*2 cos (6wt — 13) (28)
where the amplitude A; and phase 1); are defined as
A; =\/a2 + B2, ; = arctan 2 (3;, ;) (29)

where coefficients «; and ; are shown in Table II in the
Appendix. As it can be observed, ; = 0 Vi in the lossless case,
resulting in A; = a; and v; = 0, and then, (28) is equivalent
to (12).

Vscm associated with (28) can be analytically calculated by
substituting 2wt = 1)y + 2kx. Similarly, Vgoas for the losses
case is calculated by evaluating (28) at 2wt = 7w 4 g + 2km.

Similar to the lossless case, again imposing constraints (14)
and (17), a linear programming problem as in (18) can be
formulated. Note that the shaped ac-side voltage reference vy,
which is needed in the V¢, constraint (14), is modified for the
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TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

Value

30v2v3V (1pu.)
670 VA (1 p.u.)

Parameter

PCC Voltage Nominal Amplitude, Er

Nominal Power, S

Grid Angular Frequency, wy 207 rad/s
Individual Switch Switching Frequency, fsw 5 kHz
Upper Bound Voltage, Viyp 92V
Slack Variable, h 1.05
1.10 mF

Capacitance per H-Bridge, C'

5mH (0.079 p.u.)

Filter Inductances, 5mH (0.079 p.u.)

La.r'rn

150 mQ (0.038 p.u.)

Parasitic Resistances, 150 m€2 (0.038 p.u.)

R(ZTTIL

losses case, in particular for the phase arm ab, as follows:
vk, = Ay cos (wt — y) + I As cos (3wt — 5) .
The matrix A, and vector b, for the losses case become
acn 1
aco1 —1
_ [(hA4 cos (th0/2 — 14))* + Ao
— (nVus)® + Ao

(30)

A, = (€29}

be (32)

where the matrix A, coefficients are
ac11 = A cos (Yo — Y1) + Az cos (209 — 2) +
— 2h? A4 As cos (o2 — a) cos (340 /2 — 1bs) (33)
aca1 = Aj cos (Yo — 1) — Az cos (209 — ) . (34)

Again, the solution to this linear programming problem can
be found as in (21), i.e.,

IA(;?CP t = A1
V0*20pt — ‘e Ve (35)
Then, according to (35), the optimal circulating current I

circ

corresponds to

rxopt
circ T

Ao — (1/2) | (nVirp)” — (hAs cos (10/2 — 1))
Aq cos (thg—1p1) —h2 A4 Ag cos (1o /2—1D4) cos (3thg /2—1)5)

: [ : FHopt *2o0pt
However, having an explicit expression of (1", Vj ) may

not be needed because most modern digital control devices are
able to implement the matrix inversion operation.

IV. POWER L0OSS AND CURRENT STRESS ANALYSIS

With the purpose of providing a comprehensive assessment of
the proposed third-harmonic injection method, this section quan-
tifies the increase in power loss and semiconductors’ current
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Fig. 5. (a) Loss ratio and (b) stress ratio due to the proposed third-harmonic
circulating current injection.

stress when the converter operates with the proposed circulating

current injection.
The conduction loss in one phase arm of the StatCom can be

modeled as follows [12]:

1 [T,
PRarm = Rarm (%A Zarmdt>

where T, = 27 /w,, is the fundamental period. Using (27) yields
)

Thus, the increase in conduction loss can be quantified by
defining the ratio kjos between the conduction loss when third-
harmonic zero-sequence injection is applied and the conduction
loss without third-harmonic injection, i.e.,

(37)

(fa2+ (38)

Rarm 7 T A 2
2 (I;?n - I(;?C) I c*irc
Rloss = R 742 =1+ 7 (39)
Tlarm I arm

The current stress is also an important indicator that is stud-
ied next. The increase in current stress can be quantified by
defining the ratio rgyess between the peak arm current when

(36) third-harmonic zero-sequence injection is applied and the peak

arm current without third-harmonic injection, i.e.,

L + Lo _
Lim
Fig. 5 shows how the aforementioned ratios depend on the
capacitance value and the required power value. Specifically,
Fig. 5 depicts the loss and stress ratios for a range of [10%, 30%)]
in the voltage margin Vg / E'L ,, and a range of [0, 100%)] in the

current magnitude farm. E 1.,n Tefers to the nominal grid voltage.

(40)

Rstress =
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TABLE II
EXPRESSIONS FOR cv; AND 3; COEFFICIENTS

Symbol Losses Case Lossless Case

@o 2wcmm ]arm (EL cos (a*) — WLLanrm cos (2a) — chlarm sin (204*)) zucarm Ia'rm (EL - WLLanrm)

Bo —mf;rm (EL sin (@*) — wLeql?,,, sin (2&*)+qu1mmcos(2o¢*)) 0

[e%% m (EL cos (3a™) + 3wLa,.mIA;7‘m cos (2a*) — wL&qum cos (2a*) + (Req + Rarm) f:rm sin (2&*)) W];L'r'm. (EL — wL&qlm m T 3wLu,,,,,Lf;rm)
1 ~ c o . £x T *

B1 —5%5Carm (EL sin (3a*) + 3wLarm L, sin (2a*) — wLegl?,, sin(2a*) — (Req + Rarm) 1%, cos (2a )) 0

e m (EL cos (3a*) — 3wLlarm I, cos (4a*) — whegl,, cos(4a*) — (Req + Rarm) I, sin (4@*)) chlarm (EL —wheglt, — 3wLarmIA:,.m)

B2 m (EL sin (3a*) — 3wLM.mfgrm sin (4a™) — wL&qu m Sin (4a™) 4+ (Req + Rarm) I o rm COS (404*)) 0

o) m (BwLgrm cos (6a*) + Raprm sin (6a™)) 2%’1(1’"::"

Bs —m (BwLgrm sin (6a*) — Rqym cos (6a™)) 0

as B — wheqltyy, cos (@®) — Reqlly,, sin (@) Er - wledls,,

Ba Whegl?,,, sin(a*) — RegI?’, . cos(a*) 0

as 3wLgrm cos (3a™) + Rarm sin (3a*) 3wLarm

Bs —3wLarm sin (3a™) + Rarm cos (3a™) 0

R

®i Oscilloscope

¢ Auxiliary
| power supply
[k

e

Fig. 6. Experimental setup.

V. EXPERIMENTAL RESULTS

This section presents experimental measurements that il-
lustrate the compensated LC-StatCom behavior concerning its
ability to provide full-range inductive operation, while fulfilling
the design constraints (i.e., no saturation and operation in a
safe range). First, the constructed prototype is described and
its main parameters are defined. Then, experimental measure-
ments are illustrated with the purpose of assessing the optimal
third-harmonic circulating current injection method.

The experimental LC-StatCom prototype is connected to a
30-V grid, and it has a rated apparent power of 670 VA. The
inductors have been sized to provide a rated voltage drop of
approximately 10% between the converter ac-side voltage and
the PCC voltage. This results in 33-Vrms line-to-neutral output
voltage from the StatCom at 7.42 A rms. Table I provides the
system parameters and Fig. 6 shows the experimental setup. The
prototype has one submodule per phase. However, the proposed
third-harmonic circulating current injection method has been

tested by simulation in a high-power multilevel LC-StatCom
with five submodules per arm, and the corresponding results
are described in Section VI. Note that despite the fact that no
extra hardware is needed, sizing and technology of switching
components and dc-link capacitors could be affected by the
injected circulating current due to increase in the arm current
magnitude (roughly 33% in the presented experimental case).

The PCC voltage is provided by a GE&EL 15-kVA CIN-
ERGIA grid emulator. In the setup, three IMPERIX PEH2015
H-bridge converters are used to construct a three-level LC-
StatCom with delta configuration, with a dc-link capacitor of
1.1 mF. The prescribed maximum voltage on each capacitor
in the current system is Vyg = 92 V. A slack parameter value
h = 1.05 is used to guarantee that the modulating functions are
not saturated during normal operation. The reference signals de-
scribed in Sections II and III, together with the controller block,
are implemented in a B-Box RCP 3.0 board from IMPERIX.
The controller programmed here is based on that presented
in [24], but adapted to the three-phase case with delta connection.
Nonetheless, the same approach can be used with a conventional
control as in [18].

The operation of the compensated LC-StatCom with the third-
harmonic circulating current injection method is tested under an
abrupt change in the imaginary power reference ¢*, from 100%
rated power capacitive mode to 100% rated power inductive
mode. Fig. 7 shows the ac-side pulsewidth modulation (PWM)
converter voltages and the corresponding capacitor voltages for
each phase arm. The voltages v, are shaped by the capacitor
voltages vy_,, and this is a consequence of physical restraint
|vz| < vs_,. Moreover, the voltage references have also been
added to provide a better visualization. It can be observed that
the LC-StatCom recovers its desired behavior very fast after
the change that occurs in ¢ = 0.25 s, and the compensated LC-
StatCom has capability to inject the desired current in the entire
power range. When the transient occurs att = (.25 s, saturation
appears in phase arms bc and ca momentarily because there is not
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Full Capacitive Mode Full Inductive Mode

Voltage (V)

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 045 0.5

Voltage (V)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time (s)

Voltage (V)

I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Fig. 7. Experimental waveforms of ac-sidle PWM converter voltages vqp,
Vpe, and V¢q, and cluster voltages vy b, Us—pe, and vs_ 4, during a sudden
reactive power change from 100% rated power capacitive mode to 100% rated
power inductive mode at ¢ = 0.25 s. (a) Phase arm ab. (b) Phase arm bc. (c)
Phase arm ca.

enough cluster voltage to provide the required ac-side voltage
reference, i.e., |v}| > vs_,. Also, it can be appreciated that due
to the low capacitance used, the capacitor voltages present an
oscillation (low-frequency ripple) above 50% of their dc values
during capacitive operation [30]. Experimental results in Fig. 7
are in perfect agreement with the simulated reference signals
shown in Fig. 4, thus corroborating the analytical derivations.
The compensated LC-StatCom is able to maintain control of the
capacitor voltages and the arm currents throughout the entire
power range, even at 100% rated power in the inductive mode.

The circulating current i, and arm currents Zam—ab» Larm—bes
and i, cq are depicted in Fig. 8, while the modulating functions
generated by the controller 5, dpc, and d., are shown in Fig. 9.
Prior to ¢t = 0.25 s, the circulating current is almost zero due
to the balanced system operation, whereas from ¢ = 0.25s, the
optimal third-harmonic circulating current begins to be injected
in order to suitably shape the cluster voltages. As a result, the
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@
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(b)
Fig. 8. Experimental waveforms of (a) circulating current 7 and (b) arm

currents Zam—abs tarm—be»> A0d farm—cq, during a sudden reactive power change
from 100% rated power capacitive mode to 100% rated power inductive mode
att =0.25s.

Full Capacitive Mode Full Inductive Mode

2 T T T T T T T T

Modulation Signal

-hO 0.05 0.1 0.15 02 0.25 03 0.35 0.4 0.45 0.5
Time (s)

Fig. 9. Experimental waveforms of modulating signals d4p, dpe, and d¢q,
during a sudden reactive power change from 100% rated power capacitive mode
to 100% rated power inductive mode at ¢t = 0.25 s.

modulating signals ¢,, are in the range [—1, 1] during steady
state. It is important to note that the maximal value of modulating
signal references is determined by the slack parameter h. It
can be seen that the circulating current amplitude needed to
allow full inductive operation represents approximately 1/3 of
the rated arm current amplitude. Therefore, the fact of injecting
a third-harmonic circulating current implies, for the operating
point presented in the above experiments, an approximately 10%
increase in the conduction loss, and an increase of one third in
the amplitude of the arm currents. The experimental recordings
of increased losses and current stress are in close agreement
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Fig. 10.  Experimental waveforms (a) line-to-neutral PCC voltages e, ey, and
ec, (b) grid currents 74, i3, and 7., and (c) instantaneous powers p and g, during a
sudden reactive power change from 100% rated power capacitive mode to 100%
rated power inductive mode at ¢ = 0.25 s.

with analytical predictions derived from (39) and (40), and the
corresponding Fig. 5, i.e., Kjpss & 1.11 and Kgyess ~ 1.33.

Fig. 10 shows the grid currents ¢,, 75, and 7. and instantaneous
powers p and ¢. The transient between capacitive and inductive
operation is very fast, with a settling time for the reactive power
of less than one third of the fundamental period. It is important
to emphasize that after ¢ = 0.25 s, thanks to the injection of the
optimal third-harmonic circulating current, the LC-StatCom is
able to provide sinusoidal currents despite operating at 100%
rated power inductive mode. Unlike in [15] where transitions
need to occur at zero current to allow for safe disconnection and
connection of the compensating inductor, transitions can happen
at any time instant with the proposed method.

Also, Fig. 10 shows that the active power p, which is asso-
ciated with the converter efficiency, does not vary significantly
before and after the operation change at ¢ = 0.25 s. In this case,
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Fig. 11. Experimental waveforms of ac-side PWM converter voltages vy,
Vpe, and veq (CH3, CH4, and CHS), line-to-neutral grid voltages e, and ey
(CHI and CH2), and injected StatCom currents i, and i;, (CH7 and CH6),
during a sudden reactive power change from 100% rated power capacitive mode
to 100% rated power inductive mode in the middle of the oscilloscope screen,
ie,att =0.25s.

the injection of the proposed optimal third-harmonic circulating
current does not affect significantly the ratio between provided
reactive power and consumed active power.

The oscilloscope result corresponding to Figs. 7-10 is shown
in Fig. 11.

Consequently, experimental measurements validate the pro-
posed method that allows the LC-StatCom to operate at full
inductive range.

VI. COMPLIMENTARY SIMULATIONS

In this section, additional simulation results for a 36-MVA
multilevel LC-StatCom with five submodules per phase are
provided to show the effectiveness of the proposed method
to enhance inductive operation when multiple submodules are
used. The parameters of the simulated system are the same
(in per-unit system) to those used in the experiment (given in
TableI), but for a 6-kV 50-Hz grid. A phase-shifted carrier PWM
strategy [31] with 1-kHz carriers has been adopted. The system
is simulated in MATLAB/Simulink environment.

The waveforms for the case when reactive power ¢* changes
from 100% rated power capacitive mode to 100% rated power
inductive mode at ¢ = 0.02 s are shown in Fig. 12.

Similar to the experimental results (shown in Figs. 7-10),
the compensated LC-StatCom has capability to regulate the
capacitor voltages and arm currents with smooth transients. Prior
tot = 0.02 s,in 100% capacitive mode, the circulating current is
almost zero due to the balanced system operation, whereas from
t = 0.02s, in 100% inductive mode, the optimal third-harmonic
circulating current begins to be injected in order to suitably shape
the capacitor voltages. It is important to note that the individ-
ual capacitor voltages are balanced, and their maximums are
regulated to the upper bound Vyg. The proposed third-harmonic
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LC-StatCom simulation waveforms during a sudden reactive power change from 100% rated power capacitive-mode to 100% rated power inductive

mode at ¢ = 0.02 s. (a) Phase arm ab voltages v, and vy _4p. (b) Phase arm be voltages vy, and vy _pc. (¢) Phase arm ca voltages v.q and vs_cq. (d) Arm
currents 4am— ab» tarm—be»> and tarm—cq- (€) Fifteen individual capacitor voltages. (f) Fifteen individual modulating signals.

circulating current shapes the individual capacitor voltages such
that the individual modulating signals are in the range [—1, 1].
The simulation results are in agreement with the experimental
results shown in Section V, thus corroborating that the proposed
method can be applied when multiple submodules are used.

VII. CONCLUSION

An optimal third-harmonic circulating current injection
method has been developed for three-phase LC-StatComs with
delta configuration for the purpose of increasing the range of
operation to full inductive mode. The derivation of optimal third-
harmonic circulating current is based on a thorough analysis of
LC-StatCom dynamic behavior in the steady state. The proposed
method minimizes the required circulating current magnitude
under constraints on modulating signal range and a prescribed
upper bound on the capacitor voltages. Experimental results
in a laboratory prototype validate the described approach and
corroborate that the proposed optimal third-harmonic injected
current method allows us to extend the range of operation
of LC-StatComs to full inductive range. Reformulation of the

proposed optimal circulating current injection concept to con-
sider unbalanced converter operational conditions is a future
direction for research to complement this article.

APPENDIX
ANALYTICAL EXPRESSIONS FOR «; AND (3; COEFFICIENTS

This Appendix provides the «; and §; coefficients needed to
calculate the amplitude A; and phase v); according to (29). With
this information, one can calculate the shaped cluster voltage
references in (28), ac-side converter voltage references in (30),
and matrix A, and vector b, of the linear programming problem
in (31).
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