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Abstract

In this paper, a cascaded H-bridge low-capacitance StatCom (LC-StatCom) with a modular inductive filter is
introduced. Replacing the fixed-value filter inductors with tyristor switched reactors, a well-developed member of the
static VAr compensators family, reduces the overall energy storage capacity and voltage rating of the LC-StatCom
without violating standard limits on current quality. The proposed modular inductive filter takes advantage of LC-
StatCom’s ability to synthesize high quality ac voltage to reduce the overall energy storage requirement of the filter
inductance. The proposed modular filter inductor concept adds an additional degree of freedom to control the maximum
voltage drop on the filter inductor by changing the inductance value. This additional capability decreases the overall
voltage rating of the converter. The effects of adding the modular inductor unit on the I-V characteristic of the LC-
StatCom are evaluated. The effectiveness of the proposed solution is demonstrated by experimental results on a 7-level 0.7

kVA LC-StatCom.
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I INTRODUCTION

The requirement of multiple isolated dc sources is an important disadvantage of cascaded H-bridge (CHB)
multilevel converters. However, in applications such as StatComs, where isolated dc sources are readily available as
capacitors, this drawback is eliminated. A CHB StatCom is a well-established and commercially available
technology, where many of its aspects and applications was explored and developed in the literature [1-19]. Recent
advancements in CHB StatCom technology covers a wide range of aspects including, fault tolerance and unbalanced
load operation [20-24], voltage and current control [22-27], modulation based on model predictive control [28-30],
PWM switching and its effect [20], [31], [32], and decentralized control design [33].

A CHB converter is essentially based on single-phase units. In other words, a three-phase CHB StatCom is
merely composed of three single-phase units. Therefore, large capacitor banks are necessary to buffer the sinusoidal
power oscillations. The dc capacitor size is traditionally designed to limit the ripple on the capacitor voltage to less
than 10% of nominal dc voltage [19].However, reducing the cost, weight, and volume along with improving
reliability of the system are among major motives to reduce the size of dc capacitors as much as possible.

Reducing capacitor size means increasing ripple on the capacitor voltages. This leads to unacceptable maximum
dc voltage levels [17]. One way to limit the maximum voltage while increasing ripple on capacitor voltages is to use
phase alignment of the inverter’s ac side voltage and the capacitor voltage ripple [34-40]. This alignment, utilized in
a so called low-capacitance StatCom (LC-StatCom), only occurs in the capacitive region.

LC-StatCom is suited for film capacitors due to the required low capacitance values and large voltage ripple.
Due to the use of film capacitors, reliability of the LC-StatCom is expected to be higher than the conventional
StatCom with electrolytic capacitors [41], [42]. Lower average dc capacitor voltage also results in lower switching
losses, which translates into improved efficiency [40]. In [34], the operational principal and different operation
modes of StatCom with reduced capacitor size are outlined. [37] and [38] focused on improving the controller
dynamics to regulate the peak capacitor voltage. In [34], the operational limit of the LC-StatCom is calculated. LC-
StatCom by nature is not suitable to operate in the inductive mode, which is considered to be its main drawback.
This drawback was addressed in [39], where an additional thyristor bypassed reactor (TBR) was used in series with
the filter inductor to provide symmetrical capacitive and inductive reactive power generation capacity. Overall, the

LC-StatCom technology is still under development and many aspects of it remain unexplored.
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As demonstrated in [35], LC-StatCom uses the ripple on the capacitor voltage to generate higher quality ac
voltages. To elaborate further, in LC-StatCom, the alignment of the ac output voltage and capacitor voltage ripple
maintains a high number of levels in the output voltage, even during parts of the fundamental period when the value
of the synthesized output voltage is low. To keep harmonic performance similar to that of the conventional StatCom,
the superior waveform quality of the LC-StatCom could facilitate the use of a smaller filter inductor when operating
close to nominal rms StatCom current. However, when the rms StatCom current is low, the capacitor voltage ripple
decreases and its positive effect on voltage total harmonic distortion (THD) diminishes, which leads to increased
current total demand distortion (TDD). Therefore, LC-StatCom is unable to utilize its superior voltage quality and
the filter inductance remains comparable to a conventional StatCom. However, if the voltage drop across this
inductor is reduced then this lowers the voltage rating of the LC-StatCom, which will make the LC-StatCom
cheaper, smaller, and lighter.

In this paper, a modular variable filter inductor is proposed as a solution to achieve the mentioned benefits of
low filter inductance. Using the proposed modular inductor concept, the inductance increases as the current
decreases to compensate for the adverse effect of reduced capacitor voltage ripple on the current TDD. The overall
energy storage capacity of the proposed filter inductor remains significantly smaller than a fixed inductor, while
maintaining current TDD lower than the allowed limit.

The structure of this paper is as follows. A brief introduction of LC-StatCom system is provided in Section II.
The effect of capacitor voltage ripple on the LC-StatCom’s ac-side voltage quality is examined in Section I11. The
proposed modular inductive filter concept is introduced in Section IV. Some additional comments for designing
modular filter inductor are provided in Section V. Simulations and control circuits are provided in Section VI.
Experimental results are given in Section VII. Finally, the main conclusions of this work are summarized in Section

VIII.

1. CASCADED H-BRIDGE LC-STATCOM

LC-StatCom’s operational principle is based on the premise of keeping the instantaneous capacitor voltage
higher than the absolute value of the grid voltage. In the capacitive region, the main component of the capacitor

voltage ripple and the absolute value of the grid voltage have an equal phase angle (neglecting losses). This allows
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for the ripple on the capacitors to grow without increasing the maximum capacitor voltage or going below the grid

voltage. This concept is shown in Fig. 1.

LC-STATCOM (Capacitive) 5 Conventional STATCOM (Capacitive) 3
L Vie-max Ve ] /\ /\ /
T L

N 7

Fig. 1. Operation principal of LC-StatCom.

The operational limits of an ideal LC-StatCom (neglecting the losses and filter inductor) are as follows [34]

Capacitive:
0<lypun =1, © <Vypu) <1). Q)
Inductive:
! @
O < Iq(p.u) < 7_Vg(p.u) ) (062 SVg(p_u) Sl)
Vg(p-U) .
0<lqqpuy =1 . (0=V,,., <0.62)

lq.wy @nd Vg are the per unit values of reactive current and grid voltage, respectively. The operational limits
defined in (1) and (2) are shown graphically in Fig. 2. As the figure suggests, LC-StatCom is mainly suitable to
operate in capacitive mode. LC-StatCom with a symmetrical I-V characteristic requires adding a TBR unit [39].

Therefore, for the rest of this paper only capacitive operating mode is assumed.
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Fig. 2. I-V characteristics of an ideal LC-StatCom.

The reference signal for the cluster capacitor voltage controller, Ve, in LC-StatCom is a function of current in

order to keep the maximum capacitor voltage constant [34], as follows:

dec—max V;} + XLIq—refI (3)

N Anf,c T

2 =
VO—ref -

In (3), X_ is the reactance of the ac side filter inductor and Iy is the reactive current reference of the LC-
StatCom. N is the number of H-bridge modules, f is the grid frequency, V, is the grid voltage magnitude, and C is
the capacitance of dc side capacitors (capacitance per cell). The LC-StatCom control system can keep Vgc.max fixed
for all values of lq. within its operational limits. These limits in capacitive and inductive regions are not
symmetrical. At full capacitive load, the minimum instantaneous value of the cluster voltage hits its minimum
allowed value, Vgc.min. The nominal reactive power, lqy, is calculated as

— dec—max _Vdi—min 27ng C (4)

" VN 14X

L(p.u)

in which, X, ) represents the per-unit value of the filter inductor and Vg, is the nominal grid voltage magnitude.
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I1. EFFECT OF CAPACITOR VOLTAGE RIPPLE ON QUALITY OF GENERATED AC VOLTAGE

Unlike the conventional CHB StatCom, in which the ripple on the capacitors is considered a disturbance, the LC-
StatCom benefits from it to improve its synthesized ac voltage profile. In this section, the effect of the capacitor
voltage ripple on the quality of synthesized ac voltage of a H-bridge converter is investigated. Ignoring the effect of

switching harmonics, the capacitor voltage, vc, is

5
Vo () = \/vgmax +%(sin(4ﬂfgt) -1). ©)

9

In (5), l4 is the peak value of the grid current and V is the peak value of the ac side voltage, v.

In capacitive mode, LC-StatCom can operate with theoretical 100% ripple on the capacitor voltage. The resulting

THD of the pulse width modulated ac voltage waveform is defined as

> iVom () ©)
V.. (1)

pwm(

THD =

where, Vpum(n) represents the RMS value of nth order harmonic of the pulse-width modulated ac voltage, Vpum.
\/2prm(l) is the magnitude of the desired sinusoidal ac voltage, V. Note that THD in (6) is independent of the

switching frequency and varies with V and the rms value of capacitor voltage, Vc.ims as follows:

THD = 2V(22—rms -V 2 (7)
= T

The THD as a function of the reactive current, I, can be easily derived by calculating Vc._rms from (5) and replacing it

in (7), as follows:
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8
iy VPV 1V 1CAAC) ®)
\
Rewriting (8) in per-unit form yields,
THD = \/2_ IQ(D-U)V(D-U) _V(fa.u) . (9)
Vo

In (9), Vemax 1S the base value of the voltages and 2z/;CVe_max is the base value for the current. Therefore, at nominal

(1 per-unit) operating condition, the capacitor voltage reaches zero at its minimum.

Increasing V and Iy increases the capacitor voltage ripple and consequently reduces the THD. The capacitor voltage

ripple, r, is defined as:

r=1-Ve_ rin(ou) (10)
In (10), Vc-ming.uy represents normalized minimum capacitor voltage (using Vc.max as the base voltage). THD variation
as a function of r can be easily derived by: First substituting Vc.min.yy from (5) to derive the expression of Iy V(g in

terms of r:

LoouVipw =1-@-T)% (11)

g(p.u)

Then, from (9) and (11), the THD can be rewritten as

THD = Ll+ (- ~Viu) . (12)

(pu)

In practice, V) does not change in a wide range and remains close to one per-unit. Therefore, for the theoretical

ideal case of V(, =1, (12) can be simplified as

THD =1-r. (13)
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Equation (13) shows that the voltage THD in LC-StatCom varies linearly with the ripple magnitude. Hence, the ac
side voltage of an LC-StatCom designed to operate with r=0.5 at rated condition will have approximately half the
THD compared to a conventional StatCom with r=0. The PWM output voltage for both of these cases is shown in
Fig. 3. This figure is obtained using an ideal triangular two-level PWM generator with carrier frequency of 41 times
the reference voltage frequency. In Fig. 3(b) the dc voltage profile is generated by an ideal controllable voltage

source, which varies according to (5).
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Fig. 3. Synthesized PWM ac voltage for (a) r~0 and (b) r=0.5.

As it can be observed in Fig. 3(b), the sinusoidal shape of the capacitor voltage ripple helps the instantaneous
modulation index to remain high throughout the fundamental period, which results in a better utilization of the

capacitor’s voltage. The variation of modulation index as a function of capacitor voltage ripple is shown in Fig. 4.
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Here the modulated signal is generated from a pure sinusoidal waveform by applying capacitor voltage ripple

compensation [43].
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Fig. 4. Variation of the modulation index with the capacitor voltage ripple.

V. MODULAR FILTER INDUCTOR

The voltage THD of LC-StatCom at the rated current, where the capacitor voltage ripple is largest, is lowest.
Therefore, LC-StatCom will need a smaller inductor or lower switching frequency to satisfy its current quality target
at its nominal load. However, when the current decreases, the beneficial effect of capacitor voltage ripple on quality
of the output voltage reduces. This effect coupled with a smaller inductive filter (or lower switching frequency)
pushes the current TDD higher, which may exceed the regulation limits. Consequently, the filter inductor needs to
be designed for the worst case scenario of r=0, which means LC-StatCom cannot benefit from improved voltage
quality to reduce the filter inductance. In this section a modular inductive filter concept is introduced to tackle this
problem. The proposed solution essentially replaces a fixed-value filter inductor with modular thyristor switched
reactors (TSR) [44], which are a well-developed technology as related to Static Var Compensator (SVC)
applications. This forms a hybrid between LC-StatCom and SVC technologies. The proposed modular filter inductor
is shown in Fig. 5. This configuration reduces the overall required energy storage capacity by m times compared to

using a fixed inductance, L, as shown in the following,
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1ti

LC-StatCom

Fig. 5. The proposed modular inductive filter concept.

LI2 (14)
2m

In (14), E is the stored magnetic energy in the inductor, m is the number of parallel connected submodules, and L
represents the inductance.
The inductance of the proposed filter inductor, Ly, is a function of the current as given in (15). The inductance

reduces as the current increases.

mLs_ (15)
f
_ - ’ Ig(p-u) <1
Ly = [mlg(p.u)] +1
Lf_n v gy =1

Lt is the inductance value at the rated condition (lgpy=1, V(.y=1), which is equal to L/m. From (15), the voltage
rating of the LC-StatCom with the proposed modular inductor is 1+X ¢ w/m, which is reduced by (m-1) X .,/m
compared to the fixed inductor case. Fig. 6 shows the effect of using the proposed modular inductor on the I-V

characteristics of LC-StatCom.
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Boundary using a fixed inductor
—— Boundary using the proposed modular inductor

T

1/m 2/m e (m-2)m  (M-1)m 1

Fig. 6. LC-StatCom’s I-V characteristic using fixed and the proposed modular filter inductor.

Utilization of naturally commutated switches, such as thyristors to switch inductors ensures the transition will
happen at close to zero current where there is approximately zero energy stored in the magnetic field of the inductor,
which would otherwise produce destructive over-voltages. Nevertheless, in high power applications a snubber
circuit to control the voltage transients during thyristor turn off may be necessary [45], [46]. Thyristors are also
relatively cheap, robust, and have very low conduction losses [44]. The current rating of these thyristors is m times
lower than the rating of the semiconductors used within the LC-StatCom. The voltage rating is equal to the
maximum voltage drop across the filtering inductor. Therefore, these switches have a fractional voltage and current
rating compared to the converter.

The modular inductor solution will improve the current quality for light loads. Therefore, the modular filter
inductor concept is also applicable to a conventional StatCom system. However, in this case the objective cannot be
reducing the energy storage capacity of the inductor as the ripple on the capacitor voltages remains negligible and
the synthesized ac voltage quality does not change with the current. Nevertheless, the StatCom can benefit from the
modular inductor concept to improve current quality under low currents. As the current magnitude decreases, the
current THD increases. This effect can be countered by increasing the inductance value as much as m times. Here,
the overall energy storage capacity of the inductor and the voltage rating of the converter remains unchanged. The
proposed modular inductor concept improves current quality by increasing the filter inductance to the maximum
allowed value without violating the maximum allowed voltage drop on the filter inductor. The effect of using such

modular inductor on the conventional StatCom’s I-V characteristic is shown in Fig. 7.
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Fig. 7. Conventional StatCom’s I-V characteristic using fixed and the proposed modular filter inductor.

V. MODULAR FILTER INDUCTOR DESIGN

The proposed modular filter inductor aims to compensate the adverse effect of increased PWM voltage THD on
the ac current’s TDD. From a theoretical point of view, a full compensation can only be achieved through use of a
continuously variable L; . The relation between the PWM voltage THD and weighted THD (WTHD), which is an
indication for current TDD is depicted in Fig. 8. This figure is obtained using numerical calculations on a modulated
waveform with the triangular carrier frequency 21 times higher than the reference waveform frequency. Effect of dc
voltage ripple on the output current was eliminated using feedforward compensation on the reference waveform

[43]. WTHD is defined as [47],

0.08 T T 2
—--WTHD (V=1p.u)

----- WTHD (V=0.9p.u)
= =WTHD (V=0.8p.u)
—WTHD (V=0.7p.u)

0.06 —--THD (V=Ipw) 115
----- THD (V=0.9p.u)
= -THD (V=0.8p.u)
a —THD (V=0.7p.u) a
= 0.04 1z
3 ______ =
0.02 =~ T T

Fig. 8 Synthesized ac voltage THD and WTHD variation with ripple magnitude
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: 2 (16)
WTHD = 2 Vo (M1 )

prm (1)

WTHD of vp,m can be calculated numerically using the following equation [47].

(17)

WTHD_\/L (L Voun (0)d6) de_l
2V gy (D)

where 6 = 2nf,t.

Based on the results a linear relation between the current TDD and voltage THD is assumed, which is largely

acceptable for the purpose of formulating L design. Current TDD also inversely relates to L.

o o THP (18)
o —.

Hence, in order to achieve a constant TDD, L needs to vary proportionally with the PWM voltage THD as

follows,

Ly « THD. (19)

PWM voltage THD for an ideal case where maximum ripple magnitude reaches 100% at nominal condition is
derived in (9). In practice, however, maximum ripple, R, is usually lower than its theoretical 100% limit. A

generalized form of (9) is

. ; (20)
2-(1-01-R) NgawVipw — V(p-u)

Vipa

THD =

Fig. 9, show the variation of THD as a function of current for three different values of R and V(,,,. Each graph is

normalized based on its own maximum value.
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Fig. 9 Variation of THD as a function of current for different V and R values.

Although a continuously variable Ly, could be achievable using thyristor controlled reactor (TCR) technology, it is not
attractive for filter inductor application as it adds large harmonics to the current. Therefore, discrete TSR units such as
the one shown in Fig. 5 are employed. Although the choice of inductor value for each TSR branch can be different,
identical TSR units are more favorable to maintain modularity of the system. Therefore, the current TDD variation

can be estimated by replacing (15) and (20) in (18) as follows

TDD, 21
TDD = m (Imlgpw] +1) » Igpw <1
TDDy, ’ Ig(P-u) =1
Where,
(22)

JZ -1-0- R)Z)Ig(p-u)v(p-u) - V(%J-u)

Vi Lf—n

TDD,, x

Selecting an appropriate value for the number of parallel connected inductor branches, m, is the next immediate

question that needs to be answered to achieve the specified design objective. Here, the target is to keep TDD below
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standard limits. In (22) R is a fixed parameter, but V y ) varies to some extent with current magnitude due to voltage
drop across the filter inductor. However, this voltage variation is usually small and can be neglected. Therefore, for
simplicity, the results in this section were obtained with the assumption of constant V. However, for better

accuracy, this voltage variation can also be considered by calculating V(,,, in (22) as follows,

Xr-npalgpawym (23)
Vipw = [mlgpan] +1

Vopan (1 + Xr_npan) v lgpay =1

) Ig(p-u) <1

where, X¢., represents the reactance of Ly.,.

From (21), TDD at any given current is a function of m and L., (assuming a fixed switching frequency). TDD
has, m, local maxima located at lypw/m, 2lgpuy/m, ..., and lypy. In Fig. 10, the effect of adding more parallel
branches for the case of V=0.9 p.u and R=0.6 is depicted. In this figure, L, remains constant. As expected, by
increasing m overall TDD decreases. However, in practice only the maximum TDD, TDDy, is the important
parameter that needs to be below standard limits. For this case, the variation of TDD,, With m is shown in Fig. 11.

Naturally, as m increases the TDD,,x converges to TDD,,.

Vv=0.9 p.u, R=0.6

O e v
n o 9 » L
Il

Current TDD (p.u)
(=}
~

0.2

01 | | | 1 1 Il | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Current (p.u)

Fig. 10 Effect of increasing m on the current TDD profile
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The choice of Ls., and m must ensure that TDD remains below the standard limit at all of these local maxima. m
has no effect on current quality at nominal condition. Therefore, TDD,, can only be regulated by L,. Afterwards,
TDDpex is controlled by m. A larger Lt allows for using lower m value to meet the desired TDD,,, target.
However, by increasing Ls., the total size of magnetic components, the weight, and voltage rating of the converter
increases. On the other hand, reducing L., will cause an increase in m, which adds to the complexity and potentially
to the overall size of the system.

The results in this section highlight a key difference in designing an LC-StatCom compared to the conventional
StatCom. In a StatCom system the sizing of inductance and switching frequency are performed to make sure the
current TDD value at rated condition satisfies the standard requirement, whereas, in LC-StatCom such design
parameters need to be determined at the location of maximum TDD, which occurs at a fraction of rated current.

In Table I, estimated L., for some practical values of V(,y and R are provided. For each case, L., is calculated
using (21) to keep TDDy, fixed (equal to the maximum TDD of a system with m=1). Ly, then becomes a function
of m in order to have a constant TDD. In this table, L¢.,(m) is the required value of L., for an inductor with m
number of parallel submodules. Therefore, in this table, L,(1) represents the inductance of a conventional fixed
filter inductor to achieve a desired TDD,,, limit. In practice, the achieved reduction in L., is expected to be lower
due to the effect of other sources of harmonic pollution such as voltage imbalances and dead times. The estimation
also does not take into account the effect of different modulators. Further, the assumption of a fixed value for Vy, is

a source of minor error due to the voltage drop across the filter inductor, which depends on the current magnitude.
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Hence, the provided data in this table is only for initial design reference and the final design objectives need to be

verified through simulation.

TABLE I.

ESTIMATED L., VALUE USING MODULAR FILTER INDUCTOR CONCEPT COMPARED TO A SINGLE FILTER INDUCTOR SOLUTION

V(p.u)=0.8

Lf.n(m)/ Lf.n(l)
0.88

0.84

0.82

0.87

0.82

0.8

0.86

0.8

0.78

0.6

0.7

5w NS w s w3

V(p.u)=0.9

05 0.85
0.79
0.76
0.83
0.76
0.73
0.81
0.74
0.7

0.6

0.7

B W W WN

VI. SIMULATIONS

Three-phase CHB converters are essentially three single-phase converters with a common neutral point.
Therefore, without loss of generality, an eleven-level single-phase CHB StatCom is simulated in
MATLAB/Simulink to determine the effectiveness of the proposed modular filter inductor. The parameters of this
system are given in Table II [16]. The base 12 Q impedance value to normalize Ly, is derived using nominal 6kV

grid voltage and nominal 3MVA power rating of the converter.

TABLE II

PARAMETERS OF THE SIMULATED SYSTEM

Symbol Quantity Values

Vg-rms Grid voltage rms value 6 kV

H-bridge DC capacitance 9.2x10° F

Lin Filter inductance 3.5mH (0.09 p.u)

Voref Capacitor reference voltage 1.9kV

fs Switching frequency 500 Hz

fy Grid frequency 50 Hz

S Converter nominal power 3 MVA

R¢ Filter  inductor  series 02Q
resistance

fy Bandwidth of the voltage 10 Hz
controller

fi Bandwidth of the current 100 Hz
controller

N Number of H-bridges 5
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This StatCom design can be converted into LC-StatCom by adjusting the value of capacitance to target specific

maximum ripple, R as follows,

e 2V (24)
NwR(2 — R)V?

—-max

where the subscript n represents nominal parameters value. Selecting an optimal value for R is a complex
optimization problem as it affects semiconductor ratings, capacitor size, efficiency, current quality, control design
and dynamics of the system. Operation with larger values of R is favourable as it reduces the capacitor size and
improves efficiency and current quality. However, voltage control challenges, current transient dynamics, and
vulnerability to disturbances are among major limiting factors to increase R. In this section, a design based on,
though not optimal, R=70% is selected for simulation.

Using 1900V as the maximum capacitor voltage, the capacitance of each H-bridge is 1.27 mF for reaching 70%

maximum ripple. The overall diagram of the control system is shown in Fig. 12.
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Fig. 12 Overview of LC-StatCom system with modular filter inductor
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The modular inductor controller activates or deactivates inductor branches based on reference current magnitude.
For a system with m number of parallel inductors, the jth unit activates if the current reference exceeds (j-1)/m p.u.
Conversely, if the current goes below that threshold, the inductor goes offline. Both antiprallel thyristors share the
same gate signal. When the gate signal is on, the switches start conducting (regardless of current magnitude or
direction) to connect the parallel inductor. On the other hand, when the gate signal goes off, the conducting thyristor
will remain conducting until the current goes below a certain value (ideally zero), after which the thyristor turns off.
Operation around the threshold currents ((j-1)/m p.u, j=2, 3, ...(m-1)) could cause rapid change of thryristor gate
signals. This unwanted switching can easily be circumvented by introducing a hysteresis band in between the
changeover of modes.

After each transition, the inductance value needs to be updated in the control system according to (15). The
inductance affects mainly the operation of the voltage limiter and the current controller. The voltage limiter
generates the reference signal, VZorer, for the cluster voltage controller to maintain a maximum 9500V total dc
voltage (1900V per capacitor) using (3). Therefore, after each change in the filter inductor structure, X, needs to be
updated in this block. The disturbance caused by parameter adjustment in this block is insignificant as it only causes
a minor correction in the generated reference signal. The effect of changing inductance on the current controller on
the other hand is substantial and could cause large disturbances if not handled properly. Therefore, for the current
controller, a predictive dead-beat current controller is utilized. The dead-beat controller calculates the ac voltage
reference as follows [34],

Vit = vl + Reik + Lef (1530, — i5). (25)
In (25), Ry is the resistance of filter inductor, subscript ref referes to reference signals, and superscripts k and k+1
indicate the quantity values at present and future sampling instances, respectively. Updating the parameters in (25) is
straightforward and the controller is able to respond to the filter inductor variation instantly and update the ac
voltage reference for the next switching cycle.

The cluster voltage controller and voltage balancing blocks are implemented using simple proportional integral
controllers [25]. The PWM block uses phase shifted PWM method to generate IGBT gate signals. Here, a

feedforward compensation mechanism compensates the effect of large capcitor voltage ripples on the synthesized ac
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voltage [47]. Finally, the capacitor voltage filtering block uses a feedforward filtering technique to prevent the
capacitor voltage ripple from propagating through the control system [34].

In Fig. 13, the measured current TDDs and voltage THDs are depicted for both LC-StatCom and StatCom. The
maximum ripple in this LC-StatCom design reaches 70%. Both systems have the same switching frequency and
inductor value. Here, the target is to keep TDD below 2.5% . Allowing for some margin of error, TDD . is limited
to 2.4%. TDD. for both LC-StatCom and StatCom are the same, which means both systems need to utilize similar
filter inductors to satisfy TDD requirement. The difference is that in a conventional StatCom TDD remains constant
independent of the current, whereas, LC-StatCom’s TDD reduces for higher current. Therefore, LC-StatCom can
benefit from modular filter structure to lower its TDD .4, Which then allows for utilization of lower L, value (or

lower switching frequency) to satisfy TDD requirements.

o) a
o) asi
= =
£ &
o
g =
ol =
——LC-StatCom current TDD * N
——StatCom current TDD N
= -LC-StatCom voltage THD s N
= -StatCom voltage THD
1 1 1 1 8
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Current (p.u)

Fig. 13 Variation of current TDD and PWM ac voltage THD of StatCom and LC-StatCom systems

Based on the measured LC-StatCom’s TDD profile, by using two parallel inductors L¢, needs to be
approximately 3.16 mH to keep the TDD,,,x below 2.4 threshold at 0.5 p.u current local maxima. This value as
expected is larger than theoretical 2.84 mH (derived from Table I for R=0.7 and V,,=0.9). The inductance of each
inductor module is 2L¢., which is 6.32 mH. Similarly by using three and four parallel inductor branches, L., is 2.97
mH and 2.84 mH, respectively (the theoretical value from Table | are 2.59 mH and 2.45 mH, respectively). The
measured TDD profiles for each of these cases are shown in Fig. 14. As it can be seen the maximum TDD limit is

satisfied in all of the cases.
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Fig. 14 Current TDD profile using modular inductive filter

VII. EXPERIMENTAL RESULTS

Operation of the LC-StatCom equipped with the proposed variable inductor is demonstrated by experiments on a
0.7-kVA seven-level single-phase system in which the filter inductor is composed by two submodules. Fig. 15
shows an overview of the LC-StatCom setup. The control system was implemented using dSPACE controller. The
overall control architecture for the experiments was the same as the simulated circuit, which is shown in Fig. 12.
The parameters of the experimental setup are given in Table I11. The base 17.3 Q impedance value to normalize L.,
is derived using nominal 110 V grid voltage and nominal 0.7 KVA power rating of the converter. The seven-level
LC-StatCom was constructed by series connection of three POWEREX PP75B060 single-phase H-bridge
converters. The system was connected to 240V grid voltage using an isolating step-down transformer to generate
isolated 110V source voltage. Phase-shifted PWM was implemented using a DS5203 FPGA module. The PWM
signals were transferred to the driver board by optical link for galvanic isolation. A DS2004 ADC module was used

to send the feedback signals into the processor. All other control systems were implemented using a dSPACE

DS1006 processor board.
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TABLE 111

PARAMETERS OF THE EXPERIMENTAL LC-STATCOM

Symbol Quantity Values

Vgn-rms Grid voltage rms value 110V (1 p.u)

C Capacitance - H-bridge capacitors 520 pF

Lin Filter inductor 5 mH (0.09 p.u)
fs Switching frequency (per H-bridge) 2 kHz

Vdc-max Maximum voltage on capacitors 180V

Vc-min Minimum voltage on capacitors 60V

fq Grid frequency 50 Hz

S Converter nominal power 700 VA

N Number of H-bridges 3
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Fig. 15 Experimental setup.
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Fig. 16 shows the voltage and current waveforms when the proposed LC-StatCom system is delivering its full
load capacitive current. As can be seen, the LC-StatCom mainly operates on its highest (seventh) voltage level
region, which highlights the LC-StatCom’s excellent dc voltage utilization capability. As it can be seen, the grid
current is equally divided between the two parallel inductive legs.

In this experimental setup, the threshold for disconnecting the parallel inductor is crossed when the current drops
below 0.5 p.u. Fig. 17 shows the results for a case where the LC-StatCom is subjected to a step reactive current
which involves switching the thyristors off. The LC-StatCom was initially supplying 0.8 p.u reactive current. At t=t,
the reactive current reference abruptly changes to 0.4 p.u. As it can be seen the control system was able to quickly
follow the reactive power command. In this case, the portion of the current passing through the parallel inductor
continues to flow until the next zero crossing. It is important for the current controller to only adjust the control
parameters after zero crossing to avoid any unwanted transients. The reverse case where the thyristors turn on
following a step reactive current change from 0.4 p.u to 0.8 p.u at t=ty is shown in Fig. 18.

The significance of the proposed solution in improving the current quality is shown in Fig. 19. Here, the current
THD for both fixed and modular inductor cases are recorded. The overall energy storage capacity of both inductors
remains the same. As it can be seen for lower currents when the inductor value doubles, the THD becomes almost
half. Further reduction of THD in lower currents can be achieved by utilizing more inductor submodules. However,
the tradeoff is increased hardware and control complexity.

Improved current quality for low current can be easily seen from captured current waveforms in Fig. 20. In this
figure, the dominant harmonics around first carrier frequency (6 kHz) are shown. Here, the third order harmonics
and any other harmonic lower than 0.005 A are removed. Using this data, the TDD of the current for both cases are
measured in Fig. 19. Based on the results, the maximum TDD of 1.5% for a fixed inductor case appears at low
current where the ripple is negligible. For the modular inductor with the same size, TDD reaches its peak of 1.3% at
0.5 p.u current immediately after the parallel inductor is switched on. Therefore, in order to reach a comparable

maximum TDD of 1.5%, the modular inductor’s energy storage capacity can be about 13% smaller.
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Fig. 16 Operation of the modular inductor equipped LC-StatCom delivering its rated capacitive current.
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Fig. 17 Performance of the modular inductor equipped LC-StatCom during step reactive current change from 0.8 p.u to 0.4 p.u at t,.
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Fig. 18 Performance of the modular inductor equipped LC-StatCom during step reactive current change from 0.4 p.u to 0.8 p.u at t,.
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Fig. 19 Comparison of current THD between LC-StatCom with fixed filter inductor and with the proposed modular inductor.
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Fig. 20 (a) Experimental current waveforms and (b) their corresponding dominant harmonics.
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Fig. 14. Experimental results to compare the current TDD between the LC-StatCom with fixed filter inductor and with the proposed

modular inductor.

VIII. CONCLUSION

A modular filter inductor concept for LC-StatCom has been suggested to further reduce the energy storage
capacity of the filter inductor. Lower inductance reduces the voltage rating of the converter. The feasibility of the
proposed system is verified through experiments on a small scale CHB LC-StatCom prototype. The developed
experimental setup was equipped with a modular inductor with two parallel legs. Therefore, the filter inductance
size, for currents lower than 0.5 p.u is doubled, which caused a reduction in the current THD by almost 50%. The
prediction based on current TDD behaviour suggests up to 13% reduction in filter inductor’s energy storage capacity
using the proposed modular inductor. A detailed analysis on designing the modular inductor in order to determine its

real volume, weight, and cost is one of the main remaining issues, which has not been covered in this manuscript.
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