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Abstract—The aim of this paper is to investigate the ability of
cascaded H-bridge STATic COMpensator in star and delta con-
figuration to exchange negative-sequence current with the con-
necting grid. Zero-sequence voltage for the star and zero-sequence
current for the delta configuration are utilized to guarantee dc-
capacitor voltage balancing. A general solution for the required
zero-sequence voltage/current for any kind of unbalanced condi-
tion is provided. The obtained solutions show that a singularity
for both configurations exists under specific conditions, leading
to infinite zero-sequence requirement. In case of star configura-
tion, this singularity occurs when the amplitude of the positive-
and negative-sequence components of the current output of the
converter are equal. Analogously, the singularity for the delta con-
figuration occurs when the amplitude of the positive- and negative-
sequence components of the voltage at the converter terminals are
equal. This singularity impacts the ratings of the system and im-
poses a limitation in the utilization of the compensator for unbal-
ance compensation purposes, both in industrial and utility applica-
tions. Experimental results are presented to validate the theoretical
analysis.

Index Terms—Cascaded multilevel converter, dc-voltage balanc-
ing, FACTS, STATic COMpensator (STATCOM), unbalanced con-
ditions.

I. INTRODUCTION

THE actual trend in the market clearly indicates that volt-
age source converter (VSC)-based reactive power com-

pensators will be more and more utilized in the power systems,
both for utility and industrial applications. When connected in
shunt with the grid, the VSC system (also named STATic COM-
pensator, STATCOM) has a smaller footprint than the equiva-
lent thyristor-based solution (or static var compensator), better
dynamic performance and increased robustness in case of con-
nection to weak grids.

The modular multilevel converter (MMC) is considered as
one of the most attractive topologies available for grid applica-
tions and in the last decade it has gained more and more attention
both from the research community and from the manufacturers
[1].

Manuscript received November 16, 2015; revised February 23, 2016; accepted
April 12, 2016. Date of publication April 14, 2016; date of current version
November 11, 2016. Recommended for publication by Associate Editor H.-P.
Nee. This work was supported by ABB.

The authors are with the Department of Energy and Environment, Di-
vision of Electric Power Engineering, Chalmers University of Technology,
Gothenburg 41296, Sweden (e-mail: ehsan.behrouzian@chalmers.se; mas-
simo.bongiorno@chalmers.se).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2554322

Among the MMCs family, the cascaded H-bridge (CHB) con-
verter is one of the most interesting solutions for STATCOM
applications [2]. Since the number of modules, or cells, is pro-
portional to the ac voltage level at the connection point, the
system is scalable and, if needed, allows transformerless con-
nection to the grid [3]. For this converter topology, the phase
legs can be connected either in delta or in star, depending on
the specific application. The main disadvantage with CHB con-
verters for grid applications is the lack of a common dc link and
thereby the difficulty in exchanging energy between the phase
legs. This is even more challenging in case of unbalanced grids,
where countermeasures must be taken in order to preserve the
balancing of the capacitors, thus avoiding drifting of the dc-link
voltages. However, these solutions will have an impact on the
overall rating of the converter.

In particular, in case of star-connected CHB-STATCOM,
when the system is exchanging negative-sequence current with
the grid, a zero-sequence voltage must be introduced in the
output phase voltage of the converter to guarantee capacitor
balancing, resulting in a movement of the floating Y-point of
the converter [4]–[7]. This leads to the need for an increased
number of series-connected cells in order to realize the required
phase voltage. On the other hand, the delta configuration allows
negative-sequence compensation by letting a zero-sequence cur-
rent circulate inside the delta [8], which increases the required
current rating for the compensator [9]–[11].

In the work presented in [12] and [13], the star-connected
CHB is considered as the most suitable configuration for
positive-sequence reactive power control, typically for voltage
regulation purpose and, more in general, for utility applications;
on the other hand, delta configuration is considered to be the best
solution for applications where negative sequence is required,
as it is the case for industrial applications (for example, flicker
mitigation).

However, requirements from transmission system operators
are changing and start to demand negative-sequence injection
capability for the converters connected to their grid [14]. Fur-
thermore, the delta configuration can present limitations in in-
jecting negative-sequence current in case of weak grids, where
both load current and voltage are unbalanced, or under unbal-
anced fault conditions [13]. For this reason, it is of high im-
portance to investigate the limits in terms of negative-sequence
compensation for this kind of controllers.

The aim of this paper is to investigate the ability of both star
and delta connected CHB-STATCOM to exchange negative-
sequence current with the grid. A general solution for the
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Fig. 1. CHB multilevel converter. (a) star configuration, (b) delta
configuration.

required zero-sequence voltage and current under any unbal-
anced condition will be derived. It will be shown that both
configurations exhibit a singularity in the solution of the zero-
sequence component, which in turn limits the operational range
of the compensator under unbalanced conditions. Theoretical
analysis is validated via experimental results for both delta and
star configurations.

II. IMPACT OF UNBALANCED CONDITIONS ON ACTIVE

POWER DISTRIBUTION

Fig. 1 shows the line diagram of a CHB-STATCOM, both in
delta and star configurations. Each phase consists of N H-bridge

Fig. 2. Effect of unbalanced condition on active power at each phase of star
configuration.

converters (or cells) connected in series. In case of star config-
uration, the converter is connected to the grid through three
single-phase filter reactors to handle the voltage difference be-
tween the converter and the grid. For the delta configuration, the
filter reactor is typically connected inside the delta; in this way,
the filter can handle the voltage difference between converter
phases and limit the circulating current inside the delta.

The active power in each phase (pa , pb , pc ) can be calculated
by the inner product of the phase current and voltage. The result-
ing power will contain both a constant (Pava , Pavb , Pavc) and an
oscillating term (denoted as posca , poscb , poscc), which oscillates
at twice the grid frequency

pi = Pavi + posci, i = a, b, c. (1)

Observe that if the system losses are neglected, the sum of the
average terms in the phase active power is always zero.

In order to show the effect of an unbalanced condition on
the phase active powers, the star-connected CHB-STATCOM is
here simulated when injecting a negative-sequence current in
the grid. For this simulation, the dc-link capacitors are replaced
by ideal dc sources. Fig. 2 shows the active power flowing in
each phase of system. For clarity of the illustration, the plotted
powers are low-pass filtered in order to remove the double-
frequency component. The grid is balanced and the STATCOM
is injecting 0.9 p.u. positive-sequence current in the grid. At
t = 0.5 s the negative-sequence current is stepped from 0 to
0.4 p.u. It is clearly possible to observe from the figure that
under this condition, different active powers will flow in each
phase leg; this would lead to diverging dc-capacitor voltages in
the phase legs. Notice that, under unbalanced condition, the sum
of the three-phase power is still zero. The same problem will
occur for the delta configuration.

III. CONTROL SOLUTION UNDER UNBALANCED CONDITIONS

The control system of CHB-STATCOM must guarantee that
the active power is equally distributed among the phase legs, in
order to compensate for the system losses and keep the charge
of the dc capacitors. Considering the star configuration, a zero-
sequence voltage can be added to all phases to fulfill this re-
quirement. Assuming an unbalanced condition of the system
and with reference to Fig. 1(a), the phasors of the converter
phase voltage and current for phase a can be written as

V a = V +ejθ+
v + V −ejθ−

v + V0e
jθv 0

Ig,a = I+ejδ+
i + I−ejδ−

i (2)

with
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1) V −, V + : Negative- and positive-sequence voltage phasor
amplitude.

2) θ−v , θ+
v : Negative- and positive-sequence voltage phasor

angle.
3) I−, I+ : Negative- and positive-sequence current phasor

amplitude.
4) δ−i , δ+

i : Negative- and positive-sequence current phasor
angle.

Analogous relations hold for the other two phases of the
converter.

The introduction of a zero-sequence voltage allows two de-
grees of freedom, in terms of amplitude (V0) and angle (θv0).
The goal is to find a suitable value for V0 and θv0 to remove the
interaction between the sequence components and, thus, provide
an uniform active power distribution among phases. Considering
phases a and b and considering zero-sequence voltage injection,
the total active power can be written as

Pa =
V +I+

2
cos(θ+

v − δ+
i ) +

V −I−

2
cos(θ−v − δ−i )

+
V +I−

2
cos(θ+

v − δ−i ) +
V −I+

2
cos(θ−v − δ+

i )

+
V0I

−

2
cos(θv0 − δ−i ) +

V0I
+

2
cos(θv0 − δ+

i )

Pb =
V +I+

2
cos(θ+

v − δ+
i ) +

V −I−

2
cos(θ−v − δ−i )

+
V +I−

2
cos(θ+

v − δ−i − 4π

3
)

+
V −I+

2
cos(θ−v − δ+

i +
4π

3
)

+
V0I

−

2
cos(θv0 − δ−i − 2π

3
)

+
V0I

+

2
cos(θv0 − δ+

i +
2π

3
). (3)

The first two terms in (3) indicate the active power ex-
pressions associated to the positive- and negative-sequence
components. These terms are equal in all phases and can be
controlled through the overall dc-link voltage controller, as it
will be shown in Section IV-B. The third and fourth term denote
the active power generated by the interaction between positive-
and negative-sequence components; this interaction is respon-
sible for the uneven power distribution between the phases.
Finally, the last two terms in (3) are the active power terms
generated by the zero-sequence voltage injection. Two main
components can be identified in (3), an active power compo-
nent that is common among the phases (Pcom ) and a component
caused by the interaction between the different sequences (Pdis)

Pcom =
V +I+

2
cos(θ+

v − δ+
i ) +

V −I−

2
cos(θ−v − δ−i )

Pdisa =
V +I−

2
cos(θ+

v − δ−i ) +
V −I+

2
cos(θ−v − δ+

i )

+
V0I

−

2
cos(θv0 − δ−i ) +

V0I
+

2
cos(θv0 − δ+

i )

Pdisb =
V +I−

2
cos(θ+

v − δ−i − 4π

3
)

+
V −I+

2
cos(θ−v − δ+

i +
4π

3
)

+
V0I

−

2
cos(θv0 − δ−i − 2π

3
)

+
V0I

+

2
cos(θv0 − δ+

i +
2π

3
). (4)

Under ideal conditions, the interaction between sequences is the
only disturbing factor that leads to the uneven power distribution
between the different phases. Therefore, calculating an appro-
priate zero-sequence voltage amplitude and phase that makes
Pdisa = Pdisb = 0 will be sufficient to guarantee the balancing
of the dc-capacitors voltages. However, in practical applications
other factors (such as different components characteristics) will
impact the active power flowing in the phase legs. Therefore,
(4) can be solved for a general case to find the appropriate zero-
sequence voltage to compensate any kind of power disturbance
as well as interaction between negative and positive sequences.
Let us introduce two new variables K1 and K2 , defined as

K1 =
V +I−

2
cos(θ+

v − δ−i ) +
V −I+

2
cos(θ−v − δ+

i )

K2 =
V +I−

2
cos(θ+

v − δ−i − 4π

3
)

+
V −I+

2
cos(θ−v − δ+

i +
4π

3
). (5)

Expanding the cosine terms in (3), Pdisa and Pdisb can be rewrit-
ten as

Pdisa = K1 + V0 cos(θv0 )
[

I−

2
cos(δ−i ) +

I+

2
cos(δ+

i )︸ ︷︷ ︸
K 3 =

1
2
Re[Ig,a ]

]

+ V0 sin(θv0 )
[

I−

2
sin(δ−i ) +

I+

2
sin(δ+

i )︸ ︷︷ ︸
K 4 =

1
2
Im[Ig,a ]

]

Pdisb = K2

+ V0 cos(θv0 )
[

I−

2
cos(δ−i

2π

3
) +

I+

2
cos(δ+

i − 2π

3
)︸ ︷︷ ︸

K 5 =
1
2
Re[Ig,b ]

]

+ V0 sin(θv0 )
[

I−

2
sin(δ−i +

2π

3
) +

I+

2
sin(δ+

i − 2π

3
)︸ ︷︷ ︸

K 6 =
1
2
Im[Ig,b ]

]
. (6)

The set of equations above can be simplified in order to isolate
the terms that involves the zero-sequence voltage as

Pdisa − K1 = K3V0 cos(θv0 ) + K4V0 sin(θv0 )

Pdisb − K2 = K5V0 cos(θv0 ) + K6V0 sin(θv0 ) (7)
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where the different terms have the meaning as indicated in (6).
Solving (7), the phase angle and amplitude of the zero-sequence
voltage are [15]

tan θv0 =
(Pdisb − K2)K3 − (Pdisa − K1)K5

(Pdisa − K1)K6 − (Pdisb − K2)K4

V0 =
Pdisa − K1

K3 cos(θv0 ) + K4 sin(θv0 )
(8)

=
Pdisb − K2

K5 cos(θv0 ) + K6 sin(θv0 )
.

As mentioned earlier, for the delta configuration a circulating
current (I0e

jδ i 0 ) can be used to guarantee capacitor balancing.
The circulating current flows only inside the delta, allowing
power exchange between the phases without affecting the grid.
Similar to the star configuration, the zero-sequence current al-
lows two degrees of freedom in terms of its amplitude and
phase. Assuming an unbalanced condition and with reference
to Fig. 1(b), the converter phase voltage and current for phase a
can be written as

V ab = V +ejθ+
v + V −ejθ−

v

Ig ,ab = I+ejδ+
i + I−ejδ−

i + I0e
jδ i 0 . (9)

Following the same criteria adopted for the star case, the ampli-
tude and phase of the zero-sequence current can be calculated
as [15]

tanδi0 =
(Pdisa − K11)K15 − (Pdisb − K12)K13

(Pdisb − K12)K14 − (Pdisa − K11)K16

I0 =
Pdisa − K11

K13 cos(δi0 ) + K14 sin(δi0 )

=
Pdisb − K12

K15 cos(δi0 ) + K16 sin(δi0 )
(10)

where the different constant terms are defined as

K11 =
V +I−

2
cos(θ+

v − δ−i )

+
V −I+

2
cos(θ−v − δ+

i )

K12 =
V +I−

2
cos(θ+

v − δ−i − 4π

3
)

+
V −I+

2
cos(θ−v − δ+

i +
4π

3
)

K13 =
1
2
Re[V ab ],K14 =

1
2
Im[V ab ]

K15 =
1
2
Re[V bc ],K16 =

1
2
Im[V bc ]. (11)

Fig. 3. Overall control block diagram.

IV. CONTROL DESIGN FOR STAR AND DELTA

The aim of the implemented controller is to track both
positive- and negative-sequence reference currents while at
the same time control the dc-link voltages at a desired refer-
ence value. In this paper, the control system is implemented
in the rotating dq-reference frame. The overall control block
diagram is shown in Fig. 3. Three-phase quantities are trans-
ferred to the rotating dq-reference frame using a transformation
angle θ, provided by a phase locked loop (PLL) [16], [17].
Positive- and negative-sequence components of the measured
signals are estimated using delayed signal cancellation (DSC)
technique [18] and are independently controlled using a dual
vector current control (DVCC). A detailed description of the
implemented DVCC and dc-link voltage control is provided in
the following.

A. Dual Vector Current-Controller

The DVCC is constituted by two separate PI-based cur-
rent controllers (CCs) implemented in the positive- and in the
negative-synchronous reference frame, as shown in Fig. 4. Both
grid voltage and filter current are separated into positive- and
negative-sequence components and the controller tracks the cor-
responding reference currents. The CC outputs are the positive-
and negative-sequence components of the reference output
voltages in the corresponding dq-reference frame, given by

v+(dq)∗ = e+(dq)
g + jωLf i+(dq)

g w

+
(

Kp +
Ki

s

)(
i+(dq)∗ − i+(dq)

g

)

v−(dq)∗ = e−(dq)
g − jωLf i−(dq)

g

+
(

Kp +
Ki

s

)(
i−(dq)∗ − i−(dq)

g

)
(12)
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Fig. 4. Block diagram of DVCC. θ′ = θ and Gain = 1 for star case or
θ′ = θ + π

6 and Gain =
√

3 for delta case.

where v+(dq)∗, v−(dq)∗ and e
+(dq)
g , e

−(dq)
g are the reference and

grid dq positive- and negative-sequence voltages, respectively,
while i+(dq)∗, i−(dq)∗ and i+(dq)

g , i−(dq)
g are the positive- and

negative-sequence components of the reference and actual grid
currents, respectively. Lf is the filter inductance, ω is the angular
frequency of grid voltage, and Kp and Ki are the controller
proportional and integral gain, tuned as suggested in [19]. It
should be noted that in (12) Lf should be replaced by Lf /3 for
the delta configuration.

The obtained reference voltages are then transformed back
to three-phase quantities and the converter switching pattern is
obtained in the modulator block in Fig. 3 using sorting approach,
as described in [20].

B. DC-Link Voltage Control

The dc-link voltage control comprises of two stages:
1) overall dc-link voltage control;
2) cluster voltage (defined as the average dc-link voltage in

each phase) control.
The overall dc-link voltage control is responsible to provide

sufficient power to maintain the charge of all dc capacitors in
the three phases. Using a voltage-oriented dq transformation
(d-axis aligned with the grid-voltage vector in steady state), the
active power flow is controlled through the direct component of
the positive-sequence current, as [19]

i+∗
d = Kov(v∗2

dc − v2
dc,tot) (13)

where Kov is the controller gain, vdc,tot is the average voltage
of all the dc-link voltages and v∗

dc is the reference value for the
dc-link voltage.

The cluster voltage control calculates the amount of zero-
sequence voltage from (8) for the star connection or zero-
sequence current from (10) for the delta. This is achieved
through the control of the disturbance power Pdisa and Pdisb
as

pdisa = Kz (v2
dc,tot − v2

cla)

pdisb = Kz (v2
dc,tot − v2

clb) (14)

where kz is a proportional gain and vcla and vclb are the cluster
voltages of phase a and b, respectively.

Note that the zero-sequence voltage calculated for the star
configuration can be directly added to the reference voltages
output from the DVCC (see Fig. 3); for the delta configuration,
instead, the zero-sequence voltage that leads to the desired cur-
rent circulation is obtained through a proportional controller of
gain Kio as

vi0 = Kio

(
− (iaΔ + ibΔ + icΔ)

3
+ i0 cos(θ + δi0)

)
. (15)

V. OPERATING RANGE OF STAR AND DELTA UNDER

UNBALANCED CONDITIONS

The comparison between the delta and the star operating range
is based on the required zero-sequence current and voltage to
guarantee capacitor balancing under unbalanced conditions. Ac-
cording to (8) and based on the variables K3 to K6 in (6), it is
possible to conclude that the star configuration is mainly sensi-
tive to the amount of positive- and negative-sequence currents
that the converter exchanges with the grid. Similarly, accord-
ing to (10) and based on K13 to K16 defined in (11), the delta
configuration is sensitive to the amplitude of the positive- and
negative-sequence components of the voltage applied at the con-
verter terminals.

To analyze the sensitivity of these two configurations, two
case studies are here investigated: for the star configuration, it
is assumed that the grid is balanced (thus, the grid voltage is
only constituted by a positive-sequence component) while the
converter is exchanging both positive- and negative-sequence
current with the grid. For simplicity of the analysis, two op-
erating conditions for the converter are here considered: the
two current sequences have the same phase angle (for example,
both positive- and negative-sequence currents are injected into
the grid) or the current sequences are opposite in phase (for
example, positive-sequence current is injected into the grid
while the negative-sequence is absorbed by the compensator).
In a dual situation, for the delta configuration it is assumed
that the grid is unbalanced and the converter exchanges only
positive-sequence current with the grid. The phase shift be-
tween the two sequence components of the voltage depends on a
number of factors, for example the grid impedance and, in case
of unbalance due to fault conditions, on the fault location and
characteristic; here it is assumed that the phase shift between
positive- and negative-sequence voltage is either equal to 0 or
to π, in order to highlight the duality between the two config-
urations. It is also assumed that the filter impedance between
the grid and converter is purely inductive and losses are ne-
glected (δ+ = θ+ ± π

2 ). Table I summarizes the different se-
quence components for the considered cases. The correspond-
ing zero-sequence voltage and current are calculated using (8)
and (10).
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TABLE I
NEGATIVE- AND POSITIVE-SEQUENCE QUANTITIES WITH THEIR

CORRESPONDING ZERO-SEQUENCE VOLTAGE OR CURRENT

v+ , θ+
v v−, θ−

v i+ , δ+
i i−, δ−

i v0 or i0

star V + , 0 0,0 I + , ±π

2
I−, ±π

2
A√

3(I−2 − I + 2 )

star V + , 0 0,0 I + , ∓π

2
I−, ±π

2
A ′

√
3(I−2 − I + 2 )

delta V + , 0 V −, 0 I + , ±π

2
0,0

B√
3(V −2 − V + 2 )

delta V + , 0 V −, π I + , ±π

2
0,0

B ′
√

3(V −2 − V + 2 )

Other parameters in Table I are defined as follows:

A =
√

C2(I− + I+)2 + 12(I− − I+)2P 2
disa

A′ =
√

C2(I− − I+)2 + 12(I− + I+)2P 2
disa

B =
√

D2(V − + V +)2 + 12(V − − V +)2P 2
disa

B′ =
√

D2(V − − V +)2 + 12(V − + V +)2P 2
disa (16)

with

C = 2Pdisa + 4Pdisb −
√

3V +I−

D = 2Pdisa + 4Pdisb −
√

3V −I+ .

The solution for the zero-sequence voltage/current shows that
a practical limitation exists in both configurations, with an infi-
nite zero-sequence requirement needed under specific operating
conditions. In the specific, the operating range of the star con-
figuration is limited by the degree of unbalance (I−/I+ ). From
Table I, it can be observed that V0 tends to infinity when the ra-
tio I−/I+ approaches 1, i.e., a theoretically infinite voltage for
the Y-point to allow uniform power distribution among phases
when the amplitude of the exchanged negative-sequence cur-
rent equals the amplitude of the positive sequence. In practical
applications, the maximum attainable output voltage of the con-
verter leg will determine the maximum degree of unbalance
that the converter can cope with before losing the controllability
of the dc-link voltages. Similar phenomena will appear for the
delta configuration, where the operating range is limited by the
degree of voltage unbalance (V −/V + ). From Table I, it can be
observed that the zero-sequence current I0 tends to infinity when
the ratio (V −/V + ) tends to 1. It is of importance to stress that
the singularity is independent from the assumptions in Table I
and will occur in any unbalanced condition if the voltage ratio
for the delta and the current ratio for the star tends to 1.

Fig. 5 shows the relation between positive- and negative-
sequence currents and zero-sequence voltage amplitude for the
star configuration when δ+ = δ− = π

2 (top) and δ+ = −δ− =
π
2 (bottom). For the simulated case, V + is equal to 1 p.u., while
Pdisa and Pdisb are set to 0.02 and 0.01 p.u., respectively. Ob-
serve that Pdisa , Pdisb are intentionally chosen to be very small,
since they are introduced to simply model the small disturbances

Fig. 5. Relationship between zero-sequence voltage and negative- and
positive-sequence currents for star configuration. (top) δ+ = δ− = π

2 and
(bottom) δ+ = −δ− = π

2 .

caused by nonidealities. It can be observed that in both oper-
ating conditions, the singularity occurs when I+ = I−. It is of
interest to observe that more effort is needed from a balancing
point of view (i.e., more zero-sequence voltage injection for the
same amount of current unbalance) when the current positive-
and negative-sequence components have the same phase angle
(δ+ = δ− = π

2 in the top figure).
Fig. 6 shows the relation between positive- and negative-

sequence voltages and zero-sequence current amplitude for the
delta case when θ+

v = θ−v = 0 (top) and when θ+
v = 0, θ−v = π

(bottom). For the simulated case, I+ is equal to 1 p.u., while
Pdisa , Pdisb are 0.02 and 0.01 p.u., respectively. It can be
observed that in both cases the singularity occurs when V + =
V −. Similar to the star case, more balancing effort is required
when θ+

v = θ−v = 0.
It is possible to observe from Figs. 5 and 6 that although

star and delta CHB-STATCOMs are sensitive to the degree of
unbalanced in the current and voltage, respectively, the required
amount of zero-sequence component needed for capacitor bal-
ancing also highly depends on the relative phase shift between
the sequence components. For this reason, for the star configura-
tion it is of interest to investigate the impact of the relative phase
shift between the current sequence components on the required
amount of zero-sequence voltage. Analogous investigation can
be performed for the delta configuration, where the impact of
the relative phase shift between positive- and negative-sequence
voltage on the required zero-sequence current is investigated.

Fig. 7, top figure, shows the required zero-sequence voltage
as a function of the phase shift between the current sequence
components, denoted as ξi , and the degree of unbalance in the
exchanged current. It is here assumed that the positive-sequence
voltage V + is equal to 1 p.u. Similar analysis is performed
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Fig. 6. Relationship between zero-sequence current and negative- and
positive-sequence voltages for delta configuration. (top) θ+

v = θ−v = 0
(bottom) θ+

v = 0, θ−v = π .

Fig. 7. Impact of phase shift between positive- and negative-sequence com-
ponent on required zero-sequence component. Top: star configuration; bottom:
delta configuration.

for the delta configuration (see Fig. 7, bottom figure), where
the impact of the phase shift between the negative- and the
positive-sequence voltage is investigated under the assumption
that the converter is injecting 1 p.u. positive-sequence current
into the grid. Note that the level of unbalance is limited to
0.5 p.u. for clarity of the figure. As shown, the worst case
(i.e., highest demand on the zero-sequence component) occurs

Fig. 8. Photo of the laboratory set up.

when the positive-sequence tern is aligned with the negative-
sequence tern (corresponding to ξi,v = 0, 2π/3, 4π/3); on the
contrary, the lowest demand on the zero-sequence component
occurs when the two terns are in phase opposition, i.e., for
ξi,v = π/3, π, 5π/3. Therefore, it can be concluded that the
case studies indicated in Table I where both current sequences
are in phase for the star configuration (i.e., δ+ = δ− = ± π

2 ) or
when the voltage sequences are in phase for the delta configu-
ration (θ+

v = θ−v = 0) can be seen as the worst case scenarios
under the given assumptions.

VI. EXPERIMENTAL RESULTS

The theoretical results obtained in the previous sections are
verified through experimental results for both star and delta
configuration. A photo of the laboratory set up is shown in
Fig. 8, while the system parameters are reported in Table II.
The experimental results are focused on the worst-case scenario
for both configurations as indicated in the previous section, i.e.,
δ+ = δ− = ± π

2 for the star and θ+
v = θ−v = 0 for the delta.

Fig. 9 shows the obtained experimental results for delta con-
figuration. Fig. 9(a) shows the grid voltage, (b) shows the degree
of unbalance in the converter terminal voltage (V −/V + ), (c)
shows the zero-sequence current, and (d) shows the capacitor
voltages in all three phases. All quantities are plotted in per unit.
The positive-sequence current is set to 0.5 p.u.

As shown in the figure, an increase in the degree of voltage
unbalance (V −/V + ) leads to an increase of the zero-sequence
current amplitude, as expected from the investigation carried
out in the previous section. (V −/V + = 1) is the critical point.
If the terms Pdisa and Pdisb are neglected, the amplitude of the
zero-sequence current in Table I can be simplified to I + V −

V −−V + . It
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TABLE II
SYSTEM AND CONTROL PARAMETERS

Rated power Sb 1 kVA, 1 p.u.
Rated voltage Vb 122.5 V, 1 p.u.
System frequency fg 50 Hz
Filter inductor Lf 15 mH, 0.23 p.u.
Filter resistor Rf 1.4 Ω , 0.07 p.u.
Cells capacitor C 4 mF, 0.05 p.u.
DC-link voltage for star Vd c 62 V, 0.5 p.u.
DC-link voltage for delta Vd c 106 V, 0.865 p.u.
Cell numbers per phase n 3
Carrier frequency fc r 3000 Hz

Current control proportional gain Kp 37.7
Current control integral gain Ki 3518.5
Overall DC-link proportional gain K ov 0.0065
Cluster control proportional gain Kz 0.377
Circulating current proportional gain K i 0 30
PLL band width αP L L 2π × 5 rad/s

Fig. 9. Experimental results of delta configuration. (a) grid voltage, (b) v−
v + ,

(c) zero-sequence current, (d) capacitor voltages.

can be observed from Fig. 9 that, in agreement with the theoret-
ical analysis, for (V −/V + = 0.5) the zero-sequence current is
about 0.5 p.u. and equals the amplitude of the positive-sequence
current. Observe that an increase in the exchanged positive-
sequence current will result in an increase of the zero-sequence
current. For example, for the considered level of voltage unbal-
ance, a 1 p.u. positive-sequence current would lead to a 1 p.u.
circulating current to guarantee capacitor balancing, meaning
that the converter must have a current rating equal to 2 p.u. The
required current rating for the converter will further increase
if the voltage unbalance is increased. Finally, Fig. 9(d) clearly
shows that the implemented control strategy allows proper dc-
capacitor voltage balancing.

Fig. 10 shows the obtained experimental results for the star
configuration. Fig. 10(a) shows the line current, (b) shows the de-
gree of unbalance in the current injected by the CHB-STATCOM
(I−/I+ ), (c) shows the zero-sequence voltage, and (d) shows
the capacitor voltages in all three phases. For this experimental
study, the line-to-line grid voltage is set to 1 p.u. (correspond-
ing to a peak value of 0.8 p.u. for the line-to-ground voltage)
and is perfectly balanced. As expected, an increase in the de-

Fig. 10. Experimental results of star configuration. (a) line currents, (b) I−
I + ,

(c) zero-sequence voltage, (d), capacitor voltages.

gree of unbalance in the injected current (I−/I+ ) leads to an
increase in amplitude of the zero-sequence voltage V0 , with a
singularity when (I−/I+ = 1). Note that the implemented con-
troller works properly and is able to keep the capacitor voltages
close to the reference value. As for the delta case, neglecting
the terms Pdisa and Pdisb , from Table I the amplitude of the
zero-sequence voltage can be simplified to I−V +

I−−I + . As it can be
observed from Fig. 10, in agreement with the theoretical cal-
culations at (I−/I+ = 0.5) a 0.8 p.u. zero-sequence voltage is
needed to guarantee capacitor balancing, i.e., a voltage that is
equal to the grid voltage. Therefore, for the considered case a
2 p.u. rating in the converter voltage is needed to cope with
the considered case. The required voltage rating will further
increase if the current unbalance is increased.

VII. DISCUSSION

The theoretical results provided in this chapter show that un-
der unbalanced conditions there is a limit in the operating range
of the CHB-STATCOM, both in star and delta configuration.
The star configuration is sensitive to the degree of unbalance
in the injected current, while the delta is sensitive to the degree
of unbalance in the voltage at the converter terminals. This, to-
gether with the specific application, will dictate the selection
of the suitable configuration for the CHB-STATCOM and its
ratings.

The CHB-STATCOM is mainly used either for utility or in-
dustrial applications. Typically, the role of the compensator in
utility applications is to regulate the grid voltage at the connec-
tion point by aim of positive-sequence current injection. There-
fore, for this kind of applications the degree of unbalance in
the injected current can be typically considered low, making the
star configuration a suitable choice, especially when consider-
ing its reduced voltage ratings (thus, reduced number of required
cascaded cells) as compared with the delta configuration.

When a STATCOM is employed for industrial applications,
instead, its aim is mainly to improve the power quality at the
end-user interface, for example to mitigate flicker caused by
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arc-furnace load. Under this scenario the compensator must
be able to exchange both negative- and positive-sequence cur-
rents with the grid and the delta configuration appears as the
most preferable choice, especially for systems connected to rel-
atively strong grids. However, it is of importance to stress that
this configuration would still suffer from high zero-sequence
current requirements in case of asymmetrical faults located in
the vicinity of the grid connection point.

VIII. CONCLUSION

In this chapter, the effect of unbalanced voltage and current on
CHB-STATCOM has been investigated, both in case of star and
delta configuration of the converter phase legs. Zero-sequence
voltage (for the star configuration) or current (delta) allows to
maintain the dc-link voltage of the different cells balanced in
case of unbalanced operation. However, it has been shown that
there are special operating conditions for both the star and the
delta configuration where the zero-sequence component is un-
able to control the active power in each phase to zero. This
is due to a singularity that exists in the solution for the cal-
culation of the zero-sequence components. The singularity in
the delta configuration occurs when the positive- and negative-
sequence components of the voltage at the converter terminals
are equal, while for the star case it is governed by the equality
between the positive- and the negative-sequence component of
the injected current. In addition to the amplitudes, the phase
angles of currents in star and voltage in delta will highly im-
pact the sensitivity of the converter. For the star configuration,
the highest demand on the zero-sequence voltage occurs when
the three-phase positive-sequence currents are aligned with the
negative-sequence tern; on the contrary, the lowest demand on
the zero-sequence component occurs when the two terns are
in phase opposition. Analogue results hold for the delta case.
In utility applications, where the priority is on voltage regula-
tion, the converter aims to prioritize positive-sequence current
injection to boost the voltage at the connection point and at the
same time improve the degree of unbalance. Therefore, the star
configuration can be utilized for this purpose. In industrial ap-
plication, such as arc furnaces, the converter aims to exchange
both positive- and negative-sequence current; being this kind
of loads typically connected to relatively strong grids, the delta
configuration appears the most preferable choice for this kind
of applications.
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