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Abstract—Grid voltage transients, and in particular grid
voltage swells, pose control challenges for static compensators
(StatComs). This paper presents an efficient control strategy
for changing the dc value of capacitor voltages, that is es-
pecially useful for operating a low-capacitance StatCom (LC-
StatCom) under grid voltage swells. In the proposed strategy,
the capacitor voltages are changed as a function of the grid
voltage magnitude in each phase. The paper details all the
required control stages for implementing this control strategy.
Effectiveness of this strategy to deal with grid voltage swells is
compared with other strategies both in conventional StatComs
and LC-StatComs using a simulated 36-MVA 11-level cascaded
H-bridge converter in MATLAB Simulink. The comparison is
based on current transient performance and an analytical model
of switching losses. Finally, feasibility of this strategy is confirmed
by experiments on a 1-kVA prototype.

I. INTRODUCTION

Installation of static compensators (StatComs) is growing
rapidly all over the world, as a result of the transition

towards renewables, increasing electricity demand, and im-
proving technology.

The increasing rate of installation of StatComs is a driving
force to further reduce converter size, cost, and losses, without
compromising the performance. Transitioning from two-level
voltage source converters to cascaded H-bridge (CHB) con-
verters was a first stepping stone. However, large capacitors
are still used in conventional CHB-StatComs to reduce the
capacitor voltage oscillations induced by the second harmonic
of power that comes from the ac-side [1]–[4]. On the other
hand, low-capacitance StatCom (LC-StatCom) [5]–[9] uses
smaller capacitors to absorb the same amount of oscillating
power, which results in a nonnegligible oscillation in the
capacitor voltages. Nonetheless, both conventional- and LC-
StatComs must maintain a sufficiently large dc capacitor
voltage to prevent overmodulation [10].
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In conventional StatComs, the capacitors are designed to
handle overrated dc voltages, since the IEEE 1159 standard
[11] requires the converters to operate safely when the grid
voltage increases up to 180% of its nominal RMS value.
However, continuously operating with higher capacitor volt-
ages implies that the blocking voltage of the submodule
(SM) switches is higher, which increases switching losses.
Alternatively, having some redundant SMs that are in an idle
state (bypassed by a thyristor) until a voltage swell is detected,
is an effective strategy to reduce the switching losses [12].
However, this strategy would require an additional control
mechanism to guarantee that the redundant SMs are properly
charged at any time instant for their seamless integration at the
start of a voltage swell event [13]. Here, it should be noted
that implementing a strategy in which the capacitor voltage
dc levels increase rapidly when a grid voltage swell occurs,
requires a significant amount of active power draw from
the grid in conventional StatComs to charge large capacitors
rapidly. It is worth noting that the control strategy of changing
the capacitor voltage dc levels has been utilized before to
achieve other objectives. For instance, [14] uses this control
strategy to enhance the modulation indices during grid voltage
sags to improve the grid current quality.

The requirements for LC-StatComs are no different than
in conventional StatComs when dealing with voltage swells,
i.e. they should also be designed to operate with overrated
capacitor voltages. Nevertheless, again, keeping the capacitors
voltages at their maximum rated value will cause a significant
increase in switching losses during normal operating condi-
tions. The alternative approach of having some redundant SMs
in idle mode that activate when a voltage swell is detected
is even more challenging to implement in LC-StatComs as
compared to conventional StatComs, because activating the
idle SMs would require accurate tracking of the oscillations in
the capacitor voltages, which is not feasible without interfering
with the normal operation of the LC-StatCom. On the other
hand, as LC-StatComs have reduced electrical inertia, imple-
menting the strategy of fast increasing the capacitor voltage dc
levels when the grid voltage swell occurs becomes a feasible
solution.

This solution, which is only suitable for the LC-StatComs
(owing to its lower inertia), is analyzed in the paper from two
perspectives, firstly from the efficiency perspective, as varying
the capacitor voltage directly affects switching losses, and
secondly from the control point of view because the changes
in capacitor voltage dc levels should be fast. The efficiency
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perspective allows assessing the increased efficiency of an
LC-StatCom that operates effectively even in the presence
of voltage swells. The efficiency assessment is carried out
using an accurate model of switching losses that does not
disregard the capacitor voltage oscillation. The proposed strat-
egy also allows operating with different capacitor voltage dc
levels in different phases, thus further reducing the switching
losses. Consequently, the main contribution of the paper is
the development of a control strategy in LC-StatComs to
ride-through grid voltage swells without loosing control of
the converter while keeping high operating efficiency during
normal operation.

The organization of the rest of the paper is as follows.
Section II models the LC-StatCom with delta configuration
taking into account grid voltage swells. The proposed strategy
to set the capacitor voltage dc levels is discussed in terms
of efficiency, and compared with other alternatives in Section
III. Section IV presents the control block diagram to steer the
system variables to the required set values when a voltage
swell occurs. Section V depicts simulation results to demon-
strate the effectiveness of the approach. Section VI describes
experimental results obtained with a downscaled prototype.
Section VII summarises the conclusions of the paper.

II. MODELING OF LC-STATCOMS IN PRESENCE OF GRID
VOLTAGE SWELLS

This section reviews the topology of the LC-StatCom with
delta configuration, its state variables, and its main mathemati-
cal relationships. The effect of grid voltage swells is addressed
in the model relationships.

A. Topology

Fig. 1 shows a circuit representation of the LC-StatCom
with delta configuration. The power converter consists of
three identical phase-arms x ∈ {ab, bc, ca}. Each phase-
arm includes n H-bridge converters in cascade, and an ar-
m impedance {Larm, Rarm}. Each H-bridge consists of a
floating capacitor C, and two pairs of power switches. The
three vertices of the delta connection (a), (b) and (c) are
connected to the point of common coupling (PCC) grid
voltages {ea, eb, ec}.

B. Relationships in CHB Multilevel Converters with Delta
Configuration

The dc-side voltage vΣ−x is defined as the per-phase sum
of individual capacitor voltages, i.e.,

vΣ−x =

n∑
j=1

vC−xj . (1)

Denoting δx as the modulating signals, which lie in the [−1, 1]
continuous range, the ac-side converter voltages vx correspond
to,

vx = δxvΣ−x. (2)

The line currents {ia, ib, ic} are linear combinations of the
arm currents iarm−x. However, the transformation matrix of
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Fig. 1. Circuit diagram of a three-phase CHB power converter with delta
configuration.

line currents to arm currents is nonfull rank until introducing
the circulating current icirc as a constraint [15],

icirc =
1

3
(iarm−ab + iarm−bc + iarm−ca) . (3)

Then, the following relationship for the converter arm currents
can be obtained,

 iarm−ab
iarm−bc
iarm−ca

 =
1

3

 1 −1 0
0 1 −1
−1 0 1

 ia
ib
ic

+

 1
1
1

 icirc.
(4)

Applying circuit analysis, and using (4), the arm current
dynamics are found as,

d iarm−x
dt

= −Rarm
Larm

iarm−x +
1

Larm
(vx − ex) , (5)

where ex refer to the line-to-line PCC grid voltages.
The expression that relates the ac-side power and the dc-side

voltage in each phase-arm corresponds to,

1

2

C

n

d v2
Σ−x
dt

= −vxiarm−x. (6)

C. Steady-State Relationships during Grid Voltage Swells

This subsection models grid voltage swells and provides
a coherent set of steady-state values for all the converter
variables.

A grid voltage swell can be modelled as a temporary
increase in one (or more than one) of the line-to-neutral grid
voltages [11],

ea (t) = λaÊn cos (ωt)

eb (t) = λbÊn cos
(
ωt− 2π

3

)
ec (t) = λcÊn cos

(
ωt− 4π

3

) (7)

where ω is the grid frequency, Ên is the nominal amplitude of
the line-to-neutral grid voltages, and parameters λa, λb and λc

2
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model the magnitude of grid voltage swells. In a generalized
grid voltage swell, the three parameters are expected to be,

1 ≤ λa, b, c ≤ 1.8. (8)

To simplify the analysis, it is assumed that the delta-
connected LC-StatCom only provides positive-sequence reac-
tive currents to the grid, then, the line currents in the steady-
state can be expressed as,

issa (t) = Issd cos (ωt)− Issq sin (ωt)
issb (t) = Issd cos

(
ωt− 2π

3

)
− Issq sin

(
ωt− 2π

3

)
issc (t) = Issd cos

(
ωt− 4π

3

)
− Issq sin

(
ωt− 4π

3

) (9)

where Issq is the reactive current magnitude, which can be
regarded as a known value (superscript ss is used for steady-
state signals). Note that (9) considers active current Issd for
losses compensation.

According to (7), a grid voltage swell can involve an
unbalanced set of line-to-line grid voltages when the swell
affects each phase differently, eab (t)

ebc (t)
eca (t)

 = Ên

 λa + 1
2λb

− 1
2λb + 1

2λc
−
(
λa + 1

2λc
)
 cos (ωt)

− Ên


√

3
2 λb

−
√

3
2 λb −

√
3

2 λc√
3

2 λc

 sin (ωt) , (10)

which can be rewritten as,

ex (t) = Ed,x cos (ωt)− Eq,x sin (ωt) , (11)

where Ed,x and Eq,x are readily provided in (10). Therefore,
the grid voltage amplitudes in each phase-arm correspond to
Êx =

√
E2
d,x + E2

q,x, and the phase-angles correspond to

φex = −atan2 (−Eq,x, Ed,x). Note that Êab, Êbc, and Êca can
be different if the voltage swell has an unbalanced behaviour,
i.e., if λa, λb and λc are not equal.

If the grid voltage amplitudes in each phase-arm are differ-
ent, then the active power distribution among the converter
phase-arms are not equal, and consequently, a circulating
current is needed to mantain the capacitor voltage dc level
values. Given the converter voltages vx and arm currents
iarm−x, the average ac-side power Px−avg can be obtained:

Px−avg =
1

T

∫ T

0

vxiarm−x dt. (12)

Note that according to (6), Px−avg charges the dc-capacitors,
therefore, it must be zero in the steady-state, i.e., P ssx−avg = 0.
To fulfill P ssx−avg = 0, a suitable steady-state fundamental-
frequency circulating current must be injected [1],

isscirc (t) = Issd0 cos (ωt)− Issq0 sin (ωt) , (13)

where Issd0 and Issq0 determine the amplitude Îsscirc =√
Iss 2
d0 + Iss 2

q0 and phase-angle φssicirc = −atan2
(
−Issq0 , Issd0

)
.

According to the Appendix, the steady-state current values
in the dq0 frame

{
Issd0, I

ss
q0 , I

ss
d

}
are

Issd0 =
√

3Issq

6
λaλb+λaλc−2λbλc

λaλb+λaλc+λbλc

Issq0 = − I
ss
q

2
λa(λb−λc)

λaλb+λaλc+λbλc

Issd = 0.

(14)

The values in (14) correspond to ideal converter current
values when no losses are considered, and these ideal current
values are used as feedforward terms in the outer control loops
in Section IV.

Consequently, substituting the expressions in the Appendix
for the arm currents (A.1) and voltages (A.2) in (6), the
capacitor voltages in the steady-state can be obtained [16] as
follows,

vssΣ−x (t) =

√
Kss
x −

V̂ ssx Îssarm−x
2ωC/n

sin
(

2ωt+ φssvx + φssiarm−x

)
,

(15)
where Kss

x is a design variable that has to be chosen
sufficiently large to avoid overmodulation and sufficiently
low to reduce switching losses. Variables

{
V̂ ssx , φssvx

}
and{

Îssarm−x, φ
ss
iarm−x

}
are the amplitude and phase-angle of the

steady-state converter voltages vssx in (A.2) and arm currents
issarm−x in (A.1), respectively. Note that

∣∣∣φssvx − φssiarm−x

∣∣∣ =

π/2 rad is guaranteed due to the circulating current injection
(13). Then, as said, a proper setting of design variable Kss

x

is of importance both from an efficiency point of view and to
prevent overmodulation. Therefore, the next section is devoted
to studying different approaches to derive Kss

x .

III. DC CAPACITOR VOLTAGE REGULATION STRATEGIES

A. Strategies

In this section, four control strategies to regulate the dc
capacitor voltages are evaluated, two of them for the conven-
tional StatComs (Strategy C1 and Strategy C2) and the other
two for the LC-StatComs (Strategy LC1 and Strategy LC2).
These strategies involve different capacitor voltage dc levels,
which are determined by the design variable Kss

x . Note that
Kss
x plays an important role in the converter switching losses

(illustrated in the following subsection).
The four strategies considered to establish the design vari-

able Kss
x are explained next. The maximum magnitude of the

voltage swell considered in the next analysis is 180% increase
of nominal value Ên, according to the IEEE 1159 [11]; this
means that, λa, λb, or λc is equal to 1.8 in (7).
• Strategy C1. In this strategy, the conventional StatCom

is prepared for a grid voltage swell of up to 180%-
magnitude, fixing permanently Kss

x as,

Kss
x =

(
h 1.8

√
3Ên

)2

, (16)

where h models a desired margin between dc- and ac-
side converter voltages, thus h must be greater than 1 to
prevent overmodulation. Note that

√
3Ên is the amplitude

of the nominal line-to-line grid voltage.
• Strategy C2. In this strategy, the conventional StatCom

deals with a grid voltage swell of up to 180% by adding

3
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r redundant SMs. This means that the dc-value of the
squared dc-side voltage of the set of active SMs, Kss

x ,
corresponds to,

Kss
x =

(
h
n+ r1

n

√
3Ên

)2

, (17)

r1 = {0, 1, . . . , r} being the number of active re-
dundant SMs. The number of active redundant SMs
r1 must be chosen according to the amplitude Êx as
r1 =

⌈
Êx/
√

3Ên

⌉
, where dxe is a function that rounds

up x. Note that (17) can be approximated, for a large
enough number of redundant SMs, by

Kss
x ≈

(
h Êx

)2

. (18)

• Strategy LC1. In this strategy, the LC-StatCom is pre-
pared for a grid voltage swell of up to 180%-magnitude,
fixing permanently Kss

x as,

Kss
x =

(
h 1.8

√
3Ên

)2

−
V̂ ssx Îssarm−x

2ωC/n
. (19)

• Strategy LC2. This is the proposed strategy, and the LC-
StatCom is prepared for a grid voltage swell of up to
180%-magnitude, by setting Kss

x as,

Kss
x =

(
h Êx

)2

−
V̂ ssx Îssarm−x

2ωC/n
. (20)

Note that the amplitude Êx depends on the magnitude of
the voltage swell λa, λb, or λc, according to (10).

In Fig. 2, the typical dc-side voltage waveforms according
to (15) are shown for the four strategies, i.e., when Kss

x

corresponds to those of (16)-(20). Note that Strategy C1
and Strategy LC1 limit the capacitor voltage dc levels in
each phase to a fixed value, whereas Strategy C2 and the
proposed Strategy LC2 allow different capacitor voltage dc
levels according to the grid voltage condition. It is important
to remark that Strategy C2 requires maintaining the voltage
in the SMs at a pre-established value even if they are inactive
for their seamless integration at the start of the swell event.
This strategy cannot be directly applied to LC-StatComs since
it is not possible to have a seamless integration due to the
nonnegligible oscillation in the capacitor voltages. Moreover,
Strategy LC2 would be impractical in conventional StatComs,
as significant amount of active power draw from the grid
would be required to charge the large capacitors rapidly.

B. Efficiency Analysis and Comparison

In the sequel, for the sake of brevity, given the symme-
try between phase-arms, the subscript corresponding to each
phase-arm x is dropped. Also, this is a steady-state analysis,
and the superscript ss is not explicitly indicated.

The switching losses for any switching event in jth H-
bridge of a phase-arm, denoted as psw−j , is assumed to be
proportional to the product between the blocking voltage vC−j
and the current iarm at the switching instant, i.e.,

psw−j (t) = α vC−j (t) |iarm (t)| . (21)

Fig. 2. StatCom voltage waveforms in phase-arm ab for the different capacitor
voltage dc level strategies when operating at full-capacitive mode.

Adding together the losses of n H-bridges in the phase-arm
yields,

psw (t) = α vΣ (t) |iarm (t)| , (22)

where α is a proportionality constant which represents the
switching losses at vC−j = 1 p.u. and iarm = 1 p.u. Note that
α depends on the switching rising and falling times and other
physical characteristics of switches that are usually provided
in datasheet.

The average switching losses over a grid period T = 2π/ω
in a phase-arm is, in turn, proportional to psw (t), and can be
modeled as,

〈Psw〉 = −α
′

T

∫ 0

−T/2
vΣ (τ) iarm (τ) dτ

+
α′

T

∫ T/2

0

vΣ (τ) iarm (τ) dτ, (23)

where α′ 6= α depends on the ratio between switching rising-
falling time and switching period, and also on the switching
frequency. For comparison purposes, α′ is equal in all the
assessed strategies since conclusions will not depend on it.

Given the odd symmetry of the integrand, i.e., vΣiarm,
along the period T , (23) simplifies as,

〈Psw〉 = 2
α′

T

∫ T/2

0

vΣ (τ) iarm (τ) dτ. (24)

Substituting iarm = Îarm cos
(
ωt± π

2

)
and (15) into (24)

yields,

〈Psw〉 = 2
α′

T

√
KÎarm

1

ω∫ π

0

√
1− 1

K

V̂ Îarm
2ωC/n

sin
(

2θ ± π

2

)
cos
(
θ ± π

2

)
dθ, (25)

where dθ = ω dt. Assuming capacitive operation and the even
symmetry of the integrand, (25) can be rewritten as,

〈Psw〉 =
2

π
α′
√
KÎarm

∫ π/2

0

√
1 + ∆LC cos (2θ) sin (θ) dθ,

(26)
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Fig. 3. Average switching losses for the different capacitor voltage dc level
control strategies for Îarm from 0 to 1 p.u.

where the integration interval is from 0 to π/2, and ∆LC

corresponds to,

∆LC =
1

K

V̂ Îarm
2ωC/n

, (27)

which stands for the low-capacitance degree. Note that the
low-capacitance degree is bounded by 0 < ∆LC < 1.
Observe that ∆LC = 0 represents the ideal conventional
StatCom without capacitor voltage oscillations, and ∆LC = 1
represents the limit of low-capacitance where the capacitor
voltage would instantaneously be zero at each multiple of half
the grid period.

Using the variable change v = cos (θ) in (26), yields,

〈Psw〉 =
2

π
α′
√
KÎarm

∫ 1

0

√
(1−∆LC) + 2∆LCv2 dv,

(28)
whose solution corresponds to,

〈Psw〉 =
α′

π

√
KÎarm(√

1 + ∆LC +
1−∆LC√

2∆LC

sinh−1

(√
2∆LC

1−∆LC

))
, (29)

where sinh−1 (x) is the inverse hyperbolic sine function. Note
that sinh−1 (x) = ln

(
x+
√
x2 + 1

)
.

For the sake of illustration, the aforementioned strategies
are compared next. Specifically, in the example, the α′ value
is determined considering a case where the switching losses
in Strategy C1 represents 5% of the processed power for the
nominal current, i.e., Îarm = 1 p.u., and the corresponding K
according to (16). This α′ value is maintained along other
strategies. An analysis of the power switching losses for
each strategy is carried out and the results are depicted in
Fig. 3. As it can be observed, the proposed Strategy LC2
reduces the switching losses from 5% to 2%, which represents
a 60% reduction, which is a significant enhancement from
an efficiency point of view. In the next section, the control
architecture for the LC-StatCom according to Strategy LC2
is explained.

Steady-State
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Fig. 4. Control block diagram for the proposed Strategy LC2.

IV. CONTROL STAGES FOR IMPLEMENTING THE
PROPOSED STRATEGY LC2

This section provides the details of LC-StatCom control
system for the proposed strategy that sets the capacitor voltage
dc levels for efficient operation considering possible grid
voltage swell occurrences.

The proposed Strategy LC2, which allows setting the
capacitor voltage dc levels Kss

x to prevent overmodulation,
requires the detection of the swell magnitudes of each phase,
i.e., {λa, λb, λc}. The control stages to operate the LC-
StatCom based on this strategy are shown in the block diagram
of Fig. 4. The first block processes the three-phase grid
voltages {eab, ebc, eca} using a phase-locked loop (PLL) and
a peak voltage detector, and obtains the grid angle ωt and
the swell magnitudes {λa, λb, λc}. Once the grid condition
is obtained, i.e., the values of {λa, λb, λc}, and the required
reactive current Issq , a block named Steady-State References
Generation calculates the design variables {Kss

ab , K
ss
bc , K

ss
ca}

according to (20). The Outer Control Loop block is in charge
of controlling the instantaneous {Kab, Kbc, Kca} values to-
wards their desired steady-state values {Kss

ab , K
ss
bc , K

ss
ca},

being the control output the current references in the dq0
frame

{
I∗d0, I

∗
q0, I

∗
d

}
. Finally, the Current Control Loop block

and the Modulation & Interbridge Balancing Control block,
provide switching signals for the H-bridge switches SA−xj ,
SB−xj .

The Outer Control Loop block controls the instantaneous
dc-value of the squared dc-side voltages {Kab, Kbc, Kca},
compensating for small operational losses. This block is shown
in Fig. 5, and consists of two subblocks. The first subblock,
named DC Level Extraction, extracts {Kab, Kbc, Kca} from
the measured capacitor voltages using second-order gener-
alised integrators (SOGIs) configured as notch filters at 2ω
[17]. Note that the subblock DC-Level Extraction, provides the
αβ0 components, i.e., {Kα, Kβ , K0}, of the instantaneous
variables {Kab, Kbc, Kca}. Thus, Kα

Kβ

K0

 = T αβ0

 Kab

Kbc

Kca

 , (30)

with T αβ0 as the power-conservative Clarke Transformation

5
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Fig. 5. Block diagram of the Outer Control Loop.

Matrix. The αβ0 components of {Kss
ab , K

ss
bc , K

ss
ca} are iden-

tically calculated.
The second subblock, named Error Processing, provides{
I∗d0, I

∗
q0, I

∗
d

}
using three proportional-integral (PI) con-

trollers. According to (A.6) in the Appendix, the current
references are calculated as, I∗d0

I∗q0
I∗d

 = A−1

 Pα−avg
Pβ−avg
P0−avg

− b

 , (31)

with A and b as in (A.4) and (A.5), respectively. Note that
Pα−avg = P̃α−avg since P ssα−avg = 0, and similarly for the β
and 0 components.

The averaged power P̃0−avg is calculated by a PI controller,
from the error K̃0 = K0 −Kss

0 ,

P̃0−avg = κP1K̃0 + κI1

∫
K̃0 dt. (32)

Note that P̃0−avg compensates for relatively small losses in
the StatCom.

The averaged powers P̃α−avg and P̃β−avg are calculated
using similar PI controllers, i.e.,

P̃α−avg = κP2K̃α + κI2

∫
K̃α dt, (33)

P̃β−avg = κP2K̃β + κI2

∫
K̃β dt, (34)

with the errors K̃α = Kα −Kss
α and K̃β = Kβ −Kss

β .
As said, the inner Current Control Loop block, together

with the Modulation & Interbridge Balancing Control block,

Current Control 
Phase-Arm ab

iarm-ab

iarm-ab

*

s
+ 1 2ω s

1iarm-ab

vab*

κP3

κR2

+

κR1

Current Control Phase-Arm bc

ebc

iarm-bc

iarm-bc

*
vbc*

Current Control Phase-Arm ca

eca

iarm-ca

iarm-ca

*
vca*

Current Control Loop

xi1 xi2

eab

Δ

Fig. 6. Block diagram of the Current Control Loop.

provide switching signals for the H-bridge switches. The
Current Control Loop block uses as inputs: (i) the instanta-
neous arm currents {iarm−ab, iarm−bc, iarm−ca}, (ii) the arm
current references

{
i∗arm−ab, i

∗
arm−bc, i

∗
arm−ca

}
(according

to Issq , and
{
I∗d0, I

∗
q0, I

∗
d

}
obtained from (31)), and (iii) the

instantaneous line-to-line grid voltages {eab, ebc, eca}. The
Current Control Loop block steers the arm currents towards
their references, by adjusting the converter voltage references
{v∗ab, v∗bc, v∗ca}. This block is shown in Fig. 6, and consists of
three identical and phase-arm-decoupled subblocks. For the
sake of completeness, the calculation of v∗ab is performed in
the subblock Current Control Phase-Arm ab by using a state
feedback approach,

v∗ab = −
[
κP3 κR1 κR2

]  ∆iarm−ab
xi1
xi2

+ eab, (35)

with current error ∆iarm−ab = iarm−ab − i∗arm−ab, and with
two added integral states xi1, xi2 to achieve zero steady-state
error tracking at grid frequency ω [18], as,

ẋi1 = −∆iarm−ab − xi2, (36)

ẋi2 = ω2xi1. (37)

Note that eab is used as a feedforward term.
{v∗ab, v∗bc, v∗ca} constitute the input of the block Modulation

& Interbridge Balancing Control, which, in turn, generates
appropiate signals for the switching devices using phase-
shifted carrier pulse-width modulation (PSC-PWM) [2].

V. SIMULATION RESULTS

In this section, simulation results from a 36-MVA multilevel
LC-StatCom with five SMs per phase connected to a 6-kV 50-
Hz grid are provided to show the effectiveness of the proposed
strategy. A PSC-PWM strategy with 5 kHz carriers has been
adopted. The system is simulated in MATLAB/Simulink en-
vironment. The selected capacitor size in each SM is C =
1.43 mF, which yields 60% voltage oscillation during nominal
operating conditions.
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Voltage swell starts Normal operation

Conventional StatCom Strategy LC2 LC-StatCom Strategy LC1 LC-StatCom Strategy LC2

Fig. 7. Simulation waveforms. From top to bottom: Line-to-neutral PCC grid voltages, phase-arm ab voltages {vab, vΣ−ab}, phase-arm bc voltages
{vbc, vΣ−bc}, phase-arm ca voltages {vca, vΣ−ca}, and arm currents {iarm−ab, iarm−bc, iarm−ca}.

The waveforms are obtained when the LC-StatCom is
providing 100%-rated power capacitive-mode, and a voltage
swell of 60% magnitude occurs in phases a and b between
t1 = 0.05 s and t2 = 0.15 s, as it can be observed in the
top plot of Fig. 7. The left column of Fig. 7 depicts the
voltage and current waveforms of a conventional StatCom
(using a four-times larger capacitor size) when the proposed
Strategy LC2 is applied, where the capacitor voltage dc
levels are set according to (20); the middle column of Fig.
7 depicts the LC-StatCom voltage and current waveforms
when the Strategy LC1 is used, where the capacitor voltage
dc levels are permanently fixed according to (19); whilst
the right column of Fig. 7 depicts the LC-StatCom voltage
and current waveforms with the proposed Strategy LC2.
The proposed strategy can be theoretically applied to any
StatCom, however, as can be seen in the arm currents in
the bottom plot of the left column, abrupt current transients

are produced, approximately four-times the nominal value, to
be able to quickly charge/discharge the large capacitors used
in the conventional StatCom. This is intolerable in practice
since such current levels could trip the StatCom protections.
On the other hand, the proposed strategy becomes practical
when applied to the LC-StatCom, i.e., the capacitor voltage dc
levels can be quickly charged/discharged with lower current
requirements according to the grid conditions. In the case
depicted in Fig. 7, the phase-arm ab is the most affected by
the voltage swell, and thus iarm−ab quickly charges Kab to
its reference value. In the Strategy LC1, instead, the voltage
swell transient is seamless from the arm currents point of view,
but at the expense of greater switching losses during normal
converter operation.

It can be observed that during normal converter operation,
i.e., before t1 = 0.05 s and after t2 = 0.15 s, the proposed
strategy allows the converter’s full-capacity operation using

7
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TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

Parameter Value

Nominal line-to-line grid voltage amplitude,
√

3Ên 30
√

6 V (1 p.u.)

Nominal grid power, Sn 740 VA (1 p.u.)

Nominal arm current amplitude, Îarm,n 6.7 A (1 p.u.)

Grid angular frequency, ωg 100π rad/s

Carrier frequency, fc 20 kHz

Nominal upper bound capacitor voltage, h
√

3Ên 1.3
√

3Ên = 95.5 V

Capacitance per SM, C 210µF (0.24 p.u.)

Filter inductances, Larm 2 mH (0.06 p.u.)

Oscilloscope

H-bridges

Grid simulator

Power supply

Controller

Host PC

Zoom in

Fig. 8. Experimental setup.

its eleven voltage levels, while the Strategy LC1 limits the
converter operation to only five voltage levels. This results
in inferior voltage quality, specifically, the total harmonic
distortion (THD) of the LC-StatCom PWM converter voltages
{vab, vbc, vca} is approximately 10% in the proposed strat-
egy, whereas it is 19% when using the Strategy LC1. The
THD of the conventional StatCom voltages is approximately
13%. Thus, the proposed strategy allows i) fast capacitor dc
levels regulation with safe current values, and ii) full-capacity
operation with lower THD and switching losses.

VI. EXPERIMENTAL RESULTS

This section presents experimental measurements that il-
lustrate the LC-StatCom behaviour concerning its ability to
ride through grid voltage swells while operating at efficient
capacitor voltage dc levels. First, the constructed prototype is
described and its main parameters are defined. Then, experi-
mental measurements are shown with the purpose of assessing
the proposed Strategy LC2.

Table I shows the system parameters and Fig. 8 depicts
the experimental setup. The prototype has one SM per phase.
Note that a margin h = 1.3, according to (20), has been
selected during normal operation, while h is reduced down
to h = 1.15 during grid voltage swells. The selected capacitor

Voltage swell starts  Normal operation  

Fig. 9. Experimental waveforms. From top to bottom: Line-to-neutral PCC
grid voltages, phase-arm ab voltages {vab, vΣ−ab}, phase-arm bc voltages
{vbc, vΣ−bc}, phase-arm ca voltages {vca, vΣ−ca}, and arm currents
{iarm−ab, iarm−bc, iarm−ca}.

8
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Fig. 10. Experimental measurement and analytical prediction of switching
losses for the proposed Strategy LC2, for Îarm from 0 to 1 p.u.

size produces approximately 60% capacitor voltage oscillation
during nominal operating conditions.

The PI gains κP1 and κI1 in (32) are chosen such that
the closed-loop K0 frequential response has a bandwidth of
311.49 rad/s, a damping ratio of 1.2, and a settling time of
0.03 s. Similarly, the PI gains κP2 and κI2 in (33)-(34) are
chosen such that the closed-loop Kα and Kβ frequential
responses have a bandwidth of 155.75 rad/s, a damping ratio of
1.2, and a settling time of 0.06 s. Note that the loop in charge
of updating the sum of capacitor voltage dc values, i.e., the
K0 control, is faster than the loop in charge of balancing the
capacitor voltage dc values among the three phase-arms, i.e.,
the Kα and Kβ control. Also, it is important to remark that
the settling time for the inner current loop has been chosen
equal to 1.5 ms.

Fig. 9 depicts the experimental waveforms during a voltage
swell event. The waveforms are obtained when the LC-
StatCom is providing 100%-rated power capacitive-mode, and
a voltage swell of 60% magnitude occurs in phases a and
b between t1 = 0.1 s and t2 = 0.6 s, which is shown in
the top plot of Fig. 9. As it can be observed, the proposed
Strategy LC2 sets the capacitor voltage dc levels in each
phase-arm according to the magnitude of the voltage swell,
using (20). During regular converter operation, i.e., before
t1 = 0.1 s and after t2 = 0.6 s, {Kab, Kbc, Kca} are set
such that the peak voltage across the capacitors in each phase-
arm is equal to the prescribed value 1.3

√
3Ên, shown with a

dashed line in the middle plots of Fig. 9. Then, when the grid
voltage swell occurs, {Kab, Kbc, Kca} are modified rapidly
such that overmodulation is prevented as much as possible
during the transient, and thus the LC-StatCom can still provide
the required current. Note that if {Kab, Kbc, Kca} values
were not updated during the voltage swell, the capacitor volt-
ages {vΣ−ab, vΣ−bc, vΣ−ca} would overlap with the absolute
value of the voltages on the ac-side {|eab| , |ebc| , |eca|}, thus
incurring overmodulation. In the swell case depicted in Fig.
9, the phase-arm ab is the most affected by the grid voltage
swell, and thus Kab experiences a fast and abrupt transition to
its new greater reference value. It is also important to note that
a fundamental-frequency circulating current is needed during
the voltage swell, and it is shown in the bottom plot of Fig.
9. The circulating current increases the peak value of the arm

current in phase-arms bc and ca, while it decreases the peak
value of the arm current in phase-arm ab. Consequently, the
capacitor voltage oscillations become larger in magnitude in
phase-arms bc and ca during the swell event, while smaller in
phase-arm ab. Note that the arm currents in the bottom plot
of Fig. 9 do not show abrupt changes, which is in accordance
with the low-inertia behaviour in LC-StatComs. Consequently,
for the depicted swell event, control stages behave in a proper
manner, allowing to implement the proposed Strategy LC2,
thus resulting in an efficient operation of the LC-StatComs
under grid voltage swell events.

Moreover, Fig. 10 shows the switching losses obtained
from the measured samples of capacitor voltages and arm
currents along a period for different output power levels. In
the figure, the measured switching losses are compared with
those obtained by the analytic model (29), showing a close
agreement between them.

VII. CONCLUSION

An efficient strategy for setting the capacitor voltage dc
levels for LC-StatComs with delta configuration in presence
of grid voltage swells has been analysed in the paper. The
proposed strategy allows different capacitor voltage dc level
references in each phase-arm of the LC-StatCom when the
grid voltage swell occurs. The proposed strategy has been
assessed from an efficiency point of view, and from a control
perspective. The efficiency assessment is carried out using
an analytical model that takes into account the capacitor
voltage oscillation. This analytical model has allowed the
comparison among different strategies for the conventional
StatCom and the LC-StatCom, and has resulted in an accurate
estimation of switching losses in each strategy. It has been
shown that the proposed strategy is the most efficient among
the considered alternatives. The proposed strategy, which
changes the capacitor voltage dc levels when a grid voltage
swell occurs, is implementable in LC-StatComs due to their
low electrical inertia. The proposed strategy requires control
stages that have been described in the paper. Simulation and
experimental results show that changing the capacitor voltage
dc levels as a function of the grid voltage magnitudes becomes
a viable and efficient approach for the LC-StatComs. The
proposed strategy reduces the switching losses up to 60%,
whereas overmodulation is not compromised. Experimental
results corroborate the feasibility of the proposed strategy and
its excellent efficiency performance.

APPENDIX

CIRCULATING CURRENT CALCULATION FOR A BALANCED
STEADY-STATE BEHAVIOUR

This Appendix provides the details of required circulating
current and active current in the steady-state

{
Issd0, I

ss
q0 , I

ss
d

}
for mantaining the capacitor voltages bounded. Substituting
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(13) and (9) into (4) in the steady-state, yields the desired
steady-state arm currents, issarm−ab (t)

issarm−bc (t)
issarm−ca (t)

 =


Issd

2 −
√

3Issq

6 + Issd0√
3Issq

3 + Issd0

− I
ss
d

2 −
√

3Issq

6 + Issd0

 cos (ωt)

−


√

3Issd

6 +
Issq

2 + Issq0

−
√

3Issd

3 + Issq0√
3Issd

6 − Issq

2 + Issq0

 sin (ωt) . (A.1)

Substituting (10) and (A.1) into (5) in the steady-state, and
neglecting losses in the arm impedance, the desired steady-
state converter voltages vssx can be calculated,

vssx (t) = Larm
d

dt

(
Îssarm−x cos

(
ωt+ φssiarm−x

))
+

Êx cos (ωt+ φex) , (A.2)

where the amplitude of the arm current Îssarm−x and its phase
angle φssiarm−x

are readily obtainable from (A.1). Considering
(A.2) and (A.1) in (12), yields the following equation,

A

 Issd0

Issq0
Issd

+ b = T αβ0

 P ssab−avg
P ssbc−avg
P ssca−avg

 , (A.3)

where

A = Ên


√

6(2λa+λb)
8

3
√

2λb

8

√
6(λa+λb−2λc)

24√
2(2λa−λb+2λc)

8 −
√

6(λb+2λc)
8 −

√
2(λa−λb)

8

0 0
√

3(λa+λb+λc)
6

 ,
(A.4)

b = ÊnI
ss
q

 −
√

2(λa−λb)
8

−
√

6(λa+λb−2λc)
24
0

 , (A.5)

with T αβ0 as the power-conservative Clarke Transformation
Matrix, and note that in the steady-state the average powers
must be zero, i.e., P ssx−avg = 0.

Note that the steady-state relationship (A.3) between the
average ac-side powers Px−avg and the currents in the dq0
frame, can be extended for transient behaviour around the
steady-state as (A.6), namely, when the arm currents iarm−x
are close enough to their steady-state values,

A

 Id0

Iq0
Id

+ b = T αβ0

 Pab−avg
Pbc−avg
Pca−avg

 . (A.6)

REFERENCES

[1] M. Hagiwara, R. Maeda, and H. Akagi, “Negative-sequence reactive-
power control by a PWM STATCOM based on a modular multilevel
cascade converter (MMCC-SDBC),” IEEE Trans. Ind. Appl., vol. 48,
no. 2, pp. 720–729, Mar. 2012.

[2] G. Farivar, B. Hredzak, and V. G. Agelidis, “Decoupled control system
for cascaded H-bridge multilevel converter based STATCOM,” IEEE
Trans. Ind. Electron., vol. 63, no. 1, pp. 322–331, Jan. 2016.

[3] Y. Zhang, X. Wu, and X. Yuan, “A simplified branch and bound
approach for model predictive control of multilevel cascaded H-bridge
STATCOM,” IEEE Trans. Ind. Electron., vol. 64, no. 10, pp. 7634–7644,
Oct. 2017.

[4] J. Jung, J. Lee, S. Sul, G. T. Son, and Y. Chung, “DC capacitor voltage
balancing control for delta-connected cascaded H-bridge STATCOM
considering unbalanced grid and load conditions,” IEEE Trans. Power
Electron., vol. 33, no. 6, pp. 4726–4735, Jun. 2018.

[5] G. Farivar, B. Hredzak, and V. G. Agelidis, “Reduced-capacitance thin-
film H-bridge multilevel STATCOM control utilizing an analytic filtering
scheme,” IEEE Trans. Ind. Electron., vol. 62, no. 10, pp. 6457–6468,
Oct. 2015.

[6] G. Farivar, C. D. Townsend, B. Hredzak, J. Pou, and V. G. Agelidis,
“Low-capacitance cascaded H-bridge multilevel StatCom,” IEEE Trans.
Power Electron., vol. 32, no. 3, pp. 1744–1754, Mar. 2017.

[7] T. Isobe, D. Shiojima, K. Kato, Y. R. R. Hernandez, and R. Shimada,
“Full-bridge reactive power compensator with minimized-equipped ca-
pacitor and its application to static var compensator,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 224–234, Jan. 2016.

[8] X. Ge and F. Gao, “Flexible third harmonic voltage control of low ca-
pacitance cascaded H-bridge STATCOM,” IEEE Trans. Power Electron.,
vol. 33, no. 3, pp. 1884–1889, Mar. 2018.

[9] E. Rodriguez, R. Leyva, L. Qingxiang, C. D. Townsend, G. G. Fari-
var, S. Ceballos, and J. Pou, “Enhancing inductive operation of low-
capacitance cascaded H-bridge StatComs using optimal third-harmonic
circulating current,” IEEE Tran. Power Electron., vol. 36, no. 9, p-
p. 10788–10800, Sep. 2021.

[10] E. R. Rodriguez, R. Leyva, G. G. Farivar, C. D. Townsend, and
J. Pou, “Operating limits for low-capacitance cascaded H-bridge static
compensators,” IEEE Trans. Power Electron., pp. 1–1, 2021.

[11] “IEEE recommended practice for monitoring electric power quality,”
IEEE Std 1159-2019 (Revision of IEEE Std 1159-2009), pp. 1–98, Aug.
2019.

[12] X. Xie, H. Li, A. McDonald, H. Tan, Y. Wu, T. Yang, and W. Yang,
“Reliability modeling and analysis of hybrid MMCs under different
redundancy schemes,” IEEE Trans. Power Del., vol. 36, no. 3, pp. 1390–
1400, Jun. 2021.

[13] B. Li, Y. Zhang, R. Yang, R. Xu, D. Xu, and W. Wang, “Seamless
transition control for modular multilevel converters when inserting
a cold-reserve redundant submodule,” IEEE Trans. Power Electron.,
vol. 30, no. 8, pp. 4052–4057, Aug. 2015.

[14] D. Lu, S. Wang, J. Yao, T. Yang, and H. Hu, “Cluster voltage regulation
strategy to eliminate negative-sequence currents under unbalanced grid
for star-connected cascaded H-bridge STATCOM,” IEEE Trans. Power
Electron., vol. 34, no. 3, pp. 2193–2205, Mar. 2019.

[15] H. Zhixing, M. Fujun, L. An, X. Qianming, C. Yandong, X. Huagen, and
J. Guobin, “Circulating current derivation and comprehensive compen-
sation of cascaded STATCOM under asymmetrical voltage conditions,”
IET Generation, Transmission Distribution, vol. 10, no. 12, pp. 2924–
2932, 2016.

[16] E. R. Ramos, R. Leyva, G. G. Farivar, H. D. Tafti, C. D. Townsend, and
J. Pou, “Incremental passivity control in multilevel cascaded H-bridge
converters,” IEEE Trans. Power Electron., vol. 35, no. 8, pp. 8766–8778,
Aug. 2020.

[17] T. Isobe, L. Zhang, H. Tadano, J. A. Suul, and M. Molinas, “Control
of DC-capacitor peak voltage in reduced capacitance single-phase S-
TATCOM,” in Proc. IEEE 17th Workshop on Control and Modeling for
Power Electron. (COMPEL), pp. 1–8, Jun. 2016.

[18] A. I. Bratcu and R. Teodorescu, “State-feedback control of grid and cir-
culating current in modular multilevel converters,” IFAC-PapersOnLine,
vol. 53, no. 2, pp. 12396–12401, Jul. 2020. 21st IFAC World Congress.

10



IEEE TRANSACTIONS ON POWER ELECTRONICS

Ezequiel Rodriguez (S’18) was born in Tarragona,
Spain, in 1994. He graduated with a bachelor’s
degree in Electrical Engineering and a master’s
degree in Engineering and Technology of Electronic
Systems (topping the 2012 and 2016 graduating
cohorts as valedictorian) from Universitat Rovira i
Virgili, Catalonia, Spain, in 2016 and 2017 respec-
tively. He procured his Ph.D. degree in Electrical
Engineering from Nanyang Technological University
(NTU), Singapore, in 2022. He is currently working
as a post-doctoral research fellow at the Energy

Research Institute at NTU (ERI@N), Singapore. He received the prestigious
Doctorate Research Excellence Award from NTU in 2022. His research
interests include modelling and the control of power electronic converters,
with an emphasis on modular multilevel cascade converters for energy storage
and FACTS applications.

Ramon Leyva (M’01–SM’20) received the M.Sc.
and Ph.D. degrees in Telecommunication Engi-
neering from Universitat Politècnica de Catalunya,
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