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Decoupled Control System for Cascaded H-
Bridge Multilevel Converter Based STATCOM

Abstract— In conventional control systems for Cascaded H-
Bridge (CHB) multilevel converter based STATCOM the action
of individual voltage controllers which balance the capacitors
voltages can alter the output of the cluster voltage controller and
the current controller due to a coupling effect. In this paper, first,
the conditions that eliminate this coupling effect are derived and
then a control system that enforces the derived decoupling
conditions is proposed. It is also shown, that additional advantage
of the proposed decoupled control system is that it enables
linearization of the cluster voltage control loop. Experimental
studies on a single-phase 7-level STATCOM demonstrate
effectiveness of the proposed decoupled control system in
improving the transient performance of the STATCOM.

Index Terms— Cascaded H-Bridge, decoupled control system,
multilevel converter, STATCOM, voltage balancing.

I. INTRODUCTION

HE Cascaded H-Bridge (CHB) converter is one of the

popular types of multilevel converters. Compared to other
widely used multilevel converter topologies such as the
neutral-point-clamped or diode-clamped and the flying
capacitor topologies, the CHB converter topology has lower
number of components [1]. Furthermore, its modular structure
and high number of redundant switching states are attractive
features of this topology [2]. On the other hand, the
requirement of multiple isolated DC sources is considered its
main drawback [2]. However, in applications such as reactive
power compensation, solar photovoltaic power generation and
rectification, where the isolated DC sources are readily
available the previously mentioned requirement can be an
advantage [3]-[11].

In reactive power compensators maintaining the balance
between the DC voltages of the H-bridges is a challenge,
because the DC voltages are not regulated by an external
rectifier circuit or a battery. The methods proposed in the
literature to balance the voltages of the DC capacitors in CHB
converters can be classified into two different categories.

In the first category, the switching redundancies are
exploited to balance the voltages [12]-[20]. For instance, in
[12] the proposed modification of the model predictive control
scheme for a CHB based STATCOM exploits the switching
redundancy to balance the voltages of the capacitors, minimize
the switching losses, and track the sinusoidal current reference
simultaneously. The idea proposed in [12], was further
improved in [13], by introducing a new voltage balancing
model that considered not only the position of the capacitor
voltage, when sorted in comparison to others, but also the
difference between each capacitor voltage and its target
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reference. Therefore, as the model included more information
about the system, a more optimal solution was expected.
However, by increasing the number of levels, the required
computations to find the optimal switching states increased.
Furthermore, the switching frequency of different H-bridge
bridges was different. A generalized voltage balancing
technique for a CHB rectifier using a hybrid modulation
technique was presented in [14]. A low frequency control loop
was added to achieve the voltage balance among the H-bridges
and manage the operating state of each bridge. An improved
version of this work presented in [15] further increased the
stable operating region of the system. In this case, each H-
bridge operated with a different switching frequency which is
not desirable. However, none of these papers have discussed
the effect of balancing action on the cluster voltage controller.
One of the disadvantages of the methods belonging to the
first category is that a central switching controller is required
for the system and the PWM generator is not modular which
makes the system extension to higher voltage levels difficult.
Moreover, a system based on the central switching module
depends on high-bandwidth communications to transmit time
critical PWM signals [21]. Furthermore, by increasing the
number of converter levels the number of redundant states
grows which makes the balancing mechanism complicated.
Voltage balancing methods in the second category use
modular PWM techniques such as the Phase Shift PWM (PS-
PWM) along with internal individual voltage controllers for
each H-bridge [22]-[27]. For example, in [22] three different
control architectures to control the capacitor voltages for a
five-level converter were compared. It was shown that only
one configuration (one cluster voltage controller for the
overall voltage, one controller for each of the individual DC
voltages, one current controller) worked well for all reference
voltages and loads. Therefore, in a general case an N-level
converter requires (N-1) individual capacitor voltage
controllers to balance the voltages of the DC capacitors and
one cluster voltage controller to generate the reference for the
active component of the grid current. However, the paper did
not discuss the coupling effects among these controllers. In
[23], the active power requirement of each H-bridge was
controlled using a separate Pl controller. The AC voltage
reference of corresponding cell was modified in accordance to
the individual voltage controller. In [24], similar control
architecture was proposed in which a Pl controller was
assigned to regulate the voltage of each capacitor. Using small
signal detailed modeling it was shown that the gain of the
transfer function was time variant. This time variant part was
removed by introducing an extra compensator in the loop of
the individual voltage controllers. However, none of these
papers discussed the coupling effect among the controllers.
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Compared to the control methods in the first category, the
methods in the second category have the advantage of using
symmetrical switching techniques that maintain equal
switching frequency for all of the H-bridges. Furthermore,
there is no need for algorithms to select optimal switching
combination to reach the control goals. However, having a
separate controller for each H-bridge makes the control system
complicated especially for higher number of levels and this
can be considered a disadvantage. Furthermore, the individual
voltage control loop is coupled to the rest of the control
system which makes the design of the overall control system
complicated [28]. In [25], the dynamics of the individual
voltage controllers were intentionally slowed down in order to
avoid its interactions with the cluster voltage controller.
However, the coupling was not removed and its effect was
attenuated by reducing the bandwidth of the voltage balancing
control system. The coupling effect of the voltage balancing to
the current controller was identified and compensated for the
control system proposed in [28]. However, no attempt was
made to identify and eliminate the coupling effect to the
cluster voltage controller. In [29], capacitor voltage balancing
was achieved by active voltage superposition in which an
active component was superimposed on the reference voltage
of each H-bridge to change its absorbed power. A
comprehensive study based on vector analysis was provided to
determine the stability and regulation capacity of the
balancing strategy. Furthermore, it was shown that the
superimposed voltages will not disturb the total output voltage
of the inverter. Hence, similar to [28], decoupling from the
current controller was achieved. However, the coupling effect
of the balancing strategy to the cluster voltage controller was
not provided.

The novelty of this paper compared to previous works is that
the conditions that eliminate the coupling effect between the
voltage balancing controller and the rest of the control system
are identified and then a control system that imposes the
derived decoupling conditions is proposed. The decoupled
control system proposed in this paper belongs to the second
category. However, as compared to the previously proposed
control systems, it has the advantage of completely decoupling
the individual capacitor voltage controllers from the cluster
voltage controller and the current controller. The decoupling
is achieved by (i) controlling the sum of the squares of the
capacitor voltages in the cluster voltage controller to be
constant and (ii) by requiring the sum of the changes applied
by the individual voltage controllers to the H-bridges output
voltages to be zero. Additional advantage of the proposed
decoupled control system is that it linearizes the cluster
voltage control loop. Presented experimental results
demonstrate effectiveness of the proposed decoupled control
system in improving the transient performance of a single-
phase 7-level STATCOM.

The rest of this paper is organized as follows; Section Il
derives a CHB converter-based STATCOM model. Derivation
of the decoupling conditions and the proposed decoupled
control system is introduced in Sections Il and IV.
Experimental results are provided in Section V. Finally,

H-Bridge 1

VN

Fig. 1. A general configuration of a (2N+1)-level single-phase CHB
converter-based STATCOM

conclusions are summarized in Section VI.

Il. CHB CONVERTER BASED STATCOM MODEL
A general configuration of a (2N+1)-level single-phase

CHB converter-based STATCOM is shown in Fig. 1.
Applying KVL to the AC side yields

N . di

Vi~V — Rig —Ld—i’zo @

where Vv; is the output voltage generated by the j™ H-bridge, L
represents the inductance of the filtering inductor and R is its
series resistance. vy and iq are the grid voltage and current
respectively.

On the other hand, applying KCL to N DC nodes at the DC
side gives

dv,
—9_0 |,

j = 2
o (1=13 ,N). @

IC_J.+C

In which C represents the capacitance of the capacitors
(C=C,=C,= ...= @ and V is the voltage across the individual
capacitors. lc; represents the current flowing into the ji"
capacitor. Assuming that the losses are negligible, the input
power on the AC side is equal to the output power on the DC

side. Hence,
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|C_j=\%ig (=13 ,N). 3)

cj
Substituting I¢; from (3) in (2) yields,

\7 dv
iy +C =0 ,
V., dt

c]

(j=12 ,N) 4

(1) and (4) model dynamic behavior of the CHB converter-
based STATCOM. (1) governs the grid current dynamics
controlled by the total generated output voltage of the
converter. On the other hand, (4) is used to balance the
individual capacitor voltage of each H-bridge by modifying
the active component of its generated output voltage.

I1l. DECOUPLING CONDITIONS

The individual capacitor voltage controller tries to balance
the capacitors voltages by controlling the amount of active
power flown into the capacitor of each H-Bridge. Hence, this
controller introduces an additional term to the AC voltage
reference of each H-Bridge to control distribution of the active
power among the H-Bridges. Therefore, it is desirable that the
action of this controller does not interfere with the grid current
which is regulated by different controller. In the following
steps the conditions that have to be met in order to decouple
the individual capacitor voltage controller from the rest of the
control system are derived.

Due to the action of the capacitor voltage balancing (1) and
(4) can be rewritten as

d(i, + Ai
Z';‘:l(vj+Avj)—vg—RGg+Aig)—L%=0 5)
4+ AV, dV.
YA G v ai)+C =0 . (=12.n) O

cj

where A yrepresents the voltage change due to the action of
the individual capacitor voltage controller and A§ is the
perturbation in the grid current due to A ¥

To ensure that the individual voltage controller does not
interfere with the rest of the control system, A § must be zero.
Therefore, assuming A §=0, (5) can be rewritten as

di
Z'j\'zl(vj +AvV,) -V, —Ri, — Ld—i =0. (7

Hence, from (1) and (7), the first condition for having a
decoupled control system is,

L Av,; =0. (8)

Similarly, assuming A §=0 in (6) yields,

3
L+ AV, dv.
V; +Av; i, +C dtCJZO , (j=12 ,N). 9)

cj

In (9), the change in the voltage of the capacitor is caused by
(v ig) and (A yig). By separating the effect of each term, (9)
can be rewritten as,

VitAv L oVy  d(viiy) N
Vv, 9 o(vjig) dt (10)
vy davii,)

0 , (j=12 ,N).

C -
O(Aviy) dt

Using (4), (10) can be rewritten as

Mg e NMa AV o (j_1p Ny (D)
vz o(Avjiy)  dt

Rearranging (11) gives,

) oV, d(Aviy,) .
WA= Ny a o (=2 0
19
Summing all equations in (12) gives,
ZN . oVy  d(Aviiy) :;igZN AV, (13)
179 9(Avji,)  dt Cc i
Now, using (8), (13) becomes
ZN - Vg  d(Aviiy) _o. (14)
j= o(Aviiy) dt
Taking the integral of (14) yields
(15)

N ) N
D Ve =2 K,
j=1 j=1

In (15), K; is an arbitrary constant which can be set to a
desired reference value, e.g., Vzcj_ref. Therefore,

ZN 2 ZN 2
i :1ch - i :1ch—ref

which is the second condition for having a decoupled control
system.

As all of the steps to derive (8) and (16) from (7) and (9) are
reversible, it can be concluded that (8) and (16) are the two
sufficient and necessary conditions that have to be met in
order to decouple the control system. Condition (8)
necessitates that the individual voltage controllers should not
alter the total AC voltage of the converter and hence
guarantees decoupling from the current controller. Condition
(16) shows that the cluster voltage controller should regulate

(16)
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Fig. 2. CHB based STATCOM control system composed of three subsystems, a cluster voltage controller, a current controller, and individual capacitor voltage

controllers with voltage balancing.

the sum of the squares of the voltages and is equivalent to
regulating the total energy stored in the capacitors. Hence, if
(16) is met then the individual capacitor voltages balancing
method can exchange the power between the H-bridges
without interfering with the cluster voltage controller.

It is worth mentioning that violation of (8) will alter the
reference voltage generated by the current controller and
hence it will directly affect the current, while violation of (16)
will produce perturbation in the output of cluster voltage
controller and hence it will have indirect effect on the current.

IV. DECOUPLED CONTROL SYSTEM

The block diagram of the proposed decoupled control
system that is composed of a cluster voltage controller, a
current controller and an individual voltage controller for each
H-bridge is shown in Fig. 2. The active power is controlled by
the d-axis component of the grid current. Hence, the reference
d-axis current component lq.. iS generated by the cluster
voltage control loop controlled by a PI controller. On the other
hand, the reference g-axis current, lq.r, which determines the
reactive power of the converter can be generated by a
secondary controller such as a grid voltage controller. The
resulting reference grid current is then regulated using Pl
controllers in the d-q reference frame. The required orthogonal
o-B components of the current for transformation are
generated by introducing a quarter of the grid current period
time delay to the original current [30]!

A. Individual Capacitor Voltage Controllers and Voltage
Balancing

Unlike in a conventional two-level converter, the capacitor
voltage control system of the CHB converters requires a
balancing mechanism in order to regulate the individual
capacitors voltages. In total, there are (N-1) Pl controllers to
generate A yto A \4. The function of the individual voltage
controllers is not to push the capacitor voltages towards their
required reference values as this is the function of cluster
voltage controller. The individual voltage controllers only try
to keep the voltages balanced. Therefore, the reference value

for all individual voltage PI controllers is

_ z:'\‘ﬂvci _

Va

: (17)
N

Vm
N

Each individual voltage controller adds an incremental
voltage, A y to the AC voltage reference (vie¢ /N) of each H-
Bridge. The function of this incremental voltage term is to
exchange the active power between the H-Bridges and
therefore it is in phase with the grid current. Hence, A yis
positive for the H-Bridges with higher capacitor voltage in
order to discharge them and negative for the ones with lower
capacitor voltage in order to charge them. The incremental
voltage Ay for the last N-th H-bridge is determined
considering the condition (8) as

= —Z,-N!f AV;.

Hence, the total reference AC voltage for each H-Bridge is

AV, (18)

Vref

= N +Av; (19)

j—ref —

\%

(j=12 ,N)

where Vv, is the inverter AC reference voltage generated by
the current controller.

B. Cluster Voltage Controller

In the proposed control system the cluster voltage controller
uses the sum of squares of the capacitors voltages instead of
the sum of the voltages in order to satisfy the condition (16).
Other than a requirement for decoupling, using the square of
the voltages linearizes the cluster voltage control loop which
in turn simplifies the cluster voltage controller design. To
elaborate further, considering only the DC value of the active
power, a simplified block diagram for a conventional control
system is shown in Fig. 3. The transfer function G, of the
conventional control system shown in Fig. 3 is
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Fig. 3. Conventional cluster voltage control system
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Fig. 4. Proposed cluster voltage control system

Hi |«
Fig. 5. Individual capacitor voltage control loop
C':\, ZVCJ VrmsGI HV (20)

B zvcj—ref - NC\/dS_'_VrmsGI HVH f

where G; is the transfer function of the current controller, Hy

and Vs is the RMS value of
the grid voltage. (20) is valid only if the voltage Vy is assumed
to be constant and set to the nominal operating point, i.e., Vq4
=3 Vjrer. Therefore, if the voltage Vy deviates from its nominal
operating point, the system dynamics will change and affect
the performance of the control loop.

However, by applying the condition (16) the control system
in Fig. 3 is transformed into a linear system as shown in Fig.
4. Now, the transfer function becomes

2
D B CL Y 1)
v qug—ref Nc:S’—'_Vrms(;I HV2 H f

which is valid at any operating point. INN@21); "G represents
the transfer function of the PI cluster voltage controller for the
tdecoupled system! The linearity is especially important during

the transients or in applications such as photovoltaic systems
where the voltage changes in a wide range due to the action of
the maximum power point tracking scheme and the small
signal linearization of the system is no longer valid.

0

V. SIMULATIONS

The parameters of the selected CHB based STATCOM
system used for simulations are given in Table I. Detailed
design of the converter is provided in [9]. The simulations are

carried out in MATEABISImUlAK environment.

the""Matlab" control'system designer tool. For the current

5
TABLE |
PARAMETERS OF THE SIMULATED SYSTEM
Symbol Quantity Values
Vgms Grid voltage rmsvalue 6 kv
C H-bridge DC capacitance 9.2x10° F
L Filter inductance 3.5mH
Ve-ref Capacitor reference voltage 1.9kv
fs Switching frequency 500 Hz
fg Grid frequency 50 Hz
S Converter nominal power 3 MVAr
R Filter inductor series resistance 02Q
fu Bandwidth of the voltage controller 10 Hz
fi Bandwidth of the current controller 100 Hz
N Number of H-bridges 5
1en Upen Loop Bode Liagram
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Fig. 6. Open loop Bode diagrams of the proposed and the conventional
cluster voltage controllers.
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Fig. 7. Effect of V4 on the open loop Bode diagram of the conventional
cluster voltage controller.

controller the constraint of the bandwidth, f;, is f,<0.2f,. Hence,
the design objectives for the current controller were f=100 Hz
and 60° phase margin.

The cluster voltage controller bandwidth, f,, is limited by two
constraints; f,<0.1f;, and f,<0.2f,. Hence, the design objectives
for the cluster voltage controller were f,=10 Hz and 60° phase
margin. The cutoff frequency of the feedback filter was 50 Hz
to remove the unwanted low frequency ripple on the capacitor
voltages. The same criteria were applied to design the
individual voltage controllers.

The open loop Bode diagrams of the proposed and the
conventional cluster voltage controllers are shown in Fig. 6.
As stated before, characteristics of the proposed controller do
not change for different operating points, whereas, for the
conventional one, the controller moves towards instability as
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Fig. 8. Sensitivity of the proposed and the conventional cluster voltage
controllers to the capacitance.
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Fig. 9. Capacitors’ voltages before and after activation of the voltage
balancing.

Vg4 decreases as shown in Fig. 7.

The sensitivity of the proposed and conventional cluster
voltage controller to the capacitance of the capacitors is shown
in Fig. 8. From these results it can be concluded that the
sensitivity for both controllers remains the same.

Capability of the proposed control scheme to regulate the
capacitor voltages is confirmed for two different cases.

In the first case, initially, the balancing mechanism is
switched off and the system is exchanging the rated reactive
power with the grid. Then, at time t=0.5s the balancing
mechanism is switched on. As it can be seen from Fig. 9, the
proposed balancing mechanism successfully returned the
voltages to their reference values. The output of the cluster
voltage controller for the proposed decoupled control system
that uses the square of the voltages and for the conventional
control system is shown in Fig. 10. As it can be seen in the
case of the proposed control system the action of balancing
does not disturb this signal whereas, for the conventional one,
it underwent a transient.

In the second case, a step change in the reference reactive
power is studied. Here, the reactive current reference is
suddenly changed from full reactive to full capacitive at time
t=0.8 s. As it can be seen in Fig. 11, the proposed controller is
able to regulate the capacitors voltages even during the
transients.

VI. EXPERIMENTAL RESULTS
A 7-level single-phase CHB converter based STATCOM

/A S
3 IV AN

B Al V)

PN T AT LLoan A g
NATAY AN . MYAVR'AWAWAVIWAN ATARA
N ATRAATAVAVAZREVAVAVAVAVAVAVA
g, vV \v/ VV VN

Time (s)

Fig. 10. Comparison of the proposed and the conventional cluster voltage
controller output signals.
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Fig. 11. Simulation results illustrating the grid current, the inverter AC
voltage and the capacitors voltages when the reactive current reference is
suddenly changed from fully capacitive to fully inductive at to

was used to experimentally verify the proposed decoupling
conditions. A photograph of the experimental test bench is
shown in Fig. 12. 240 V grid voltage was reduced to 110 V
using an isolation transformer. Three POWEREX PP75B060
single-phase H-bridge converters were connected in series to
form a 7-level CHB converter. The phase-shifted SPWM was
implemented using the dSPACE DS5203 FPGA module. A

All control
systems were implemented using the dSPACE DS1006
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Fig. 12. Experimental setup of a single-phase 7-level CHB converter based
STATCOM

processor board. The feedback signals were fed back to the
processor board using the dSPACE DS2004 ADC module.
The parameters of the experimental setup are provided in
Table II.

Firstly, effectiveness of the proposed decoupling conditions
is studied by monitoring the cluster voltage controller output
and the grid current during the transients. Then, the linearity
of the decoupled control system is verified. Finally, results
verifying operation of the STATCOM are provided to
demonstrate the viability of the proposed decoupled control
system.

A. Coupled Versus Decoupled Control System

In this section the effect of each decoupling condition is
investigated individually. The following four cases are
analyzed.

Case I: both condition (8) and (16) are satisfied (proposed
decoupled control system).

Case I1: condition (8) is satisfied and (16) is violated.

Case I1: condition (8) is violated and (16) is satisfied.

Case IV: both condition (8) and (16) are violated.

Initially, the individual voltage controllers are switched off
and the system is exchanging the rated reactive power with the
grid. Then, at t~0.06s the individual voltage controllers are
switched on.

In Cases Il and 1V, in order to violate the condition (8),
A\ is set to zero instead of calculating it from (18). In Cases
Il and 1V, condition (16) is violated by using the sum of the
voltages instead of the sum of the squares of voltages in the
cluster voltage controller. The cluster voltage controller loop
has a bandwidth of 63 rad/s and the required sum of the
capacitor voltages is 240 V. In all of the cases individual
voltage controllers and the current controller parameters are
the same.

TABLE Il
PARAMETERS OF THE EXPERIMENTAL SETUP
Symbol Quantity Values
Vg-rms Grid voltage rmsvalue 110V
C H-bridge DC capacitance 3.3x10°F
L Filter inductance 8 mH
Veret Capacitor reference voltage 80V
fs Switching frequency 2 kHz
fg Grid frequency 50 Hz
S Converter nominal power 1100 VA
R Filter inductor series resistance 0.5Q
fe Cut-off frequency of the capacitor 25Hz
voltage filter
13 Damping factor of the capacitor 0.707
voltage filter
fy Bandwidth of the voltage controller 10 Hz
fi Bandwidth of the current controller 400 Hz
Kvii Integral gain of the cluster voltage 4.8x10°
controller
Kvp Proportional gain of the cluster 5.3x10°
voltage controller
Ki.i Integral gain of the current controller 875
Ki-p Proportional gain of the current 20
controller
Kp.i Integral gain of the individual voltage 2.6
controller
Kbp Proportional gain of the individual 2.6
voltage controller
N Number of H-bridges 3
<
g 0% —Case |
3 —Case Il
2 —Case Il
E —Case
%70( \ Case IV
£, 7N
f AR A APOAA
M
\
% ) 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
Fig. 13. Experimental results illustrating effect of the decoupling conditions

(8) and (16) on the cluster voltage controller output, Case I: both condition
(8) and (16) are satisfied, Case Il: condition (8) is satisfied and (16) is
violated, Case IlI: condition (8) is violated and (16) is satisfied, Case IV:
both condition (8) and (16) are violated.

20
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Fig. 14. Experimental results illustrating effect of the decoupling conditions
(8) and (16) on the grid current.

The outputs of the cluster voltage controller for all four
cases are shown in Fig. 13. The grid currents are shown in Fig.
14. As it can be seen in Fig. 13, for the decoupled control
system (Case 1) the output of the cluster voltage controller
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remains almost unchanged while for the coupled one it is
disturbed. The disturbance in Case Il is caused by transients
in the grid current due to the term added to the current
controller output by the individual voltage controllers.
Therefore, the magnitude of the disturbance depends on the
amplitude of this additional term. In Case I, the magnitude of
the disturbance is related to the energy mismatch between the
unbalanced capacitors voltages and the balanced ones. Hence,
the magnitude of the disturbance depends on the capacitance
and the DC voltage magnitude. The two factors do not
necessarily act in the same direction and in some cases they
might cancel out each other’s effect. However, in this study
the effects are combined since the disturbance is the largest
when both the decoupling conditions are violated (Case 1V).

As for the grid current, violation of (8) results in significant
disturbances in the grid current while the effect of violation of
(16) is not as significant, as shown in Fig. 14. This result is
predictable because (8) has a direct effect on the output
current while (16) can only affect the output current indirectly
through I4.es Which is usually negligible compared to the total
current. For instance in this case the reactive current reference
is 10 A while the disturbance in Iq.s caused by violation of
(16) is only about 0.8 A as shown in Fig. 13 (Case Il). As
expected, the best results are achieved when both decoupling
conditions are satisfied.

B. Demonstration of Cluster Voltage Control Loop Linearity

Fig. 15 compares performance of conventional and
proposed cluster voltage control system in response to a step
change in the reference voltage. As it can be seen, when using
the proposed decoupled (linear) control system the dynamics
of the voltage remain the same while for the conventional one
the response becomes slower as the reference voltage
increases.

C. STATCOM Operation

In this section, performance of the proposed control system
in the most common operating scenario of a STATCOM, i.e. a
step change in the reference of the reactive power is studied.
Here, the reactive current reference is suddenly changed from
full capacitive to full inductive at to. The grid current, the grid
voltage, and the capacitors voltages during this test are shown
in Fig. 16. As it can be seen, the proposed control system is
able to follow the reactive power reference quickly and
regulate the voltages of the capacitors during the transients.

Fig. 17, shows the effectiveness of the individual capacitor
voltage controllers in balancing the capacitors voltages. In this
experiment the STATCOM is exchanging its nominal reactive
power with the grid. The waveforms show the capacitors
voltages and the grid voltage and current before and after the
activation of the individual voltage controllers at to. As it can
be seen the controller restored the balance to the capacitors
voltages without producing any disturbances in the grid
current which confirms correct operation of the decoupled
control system.
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Fig. 15. Comparison of performance of conventional and proposed cluster

voltage control system in response to a step change in the reference voltage.
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Fig. 16. Experimental results illustrating the grid current, the grid voltage
and the capacitors voltages when the reactive current reference is suddenly
changed from fully capacitive to fully inductive at to
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Fig. 17. Experimental results illustrating the grid current, the grid voltage
and the capacitors voltages before and after activation of individual voltage
controllers at to

D. Effect ofinaccuracyin the inductanced. of the filtering
inductoron the control system

In this section the effect of inaccuracy in the inductance of
the filtering inductor L on the control system is investigated.
In this paper L is assumed to be constant, which is a good
assumption, because the current rating of the inductor used in
the experiments is 20 A. Therefore, the operating point will



14-TIE-2095

W @ 2015/02/02 181952 Normal Edgo CH3 £ -8 V
1.25MS/s __ Auto

2,
6.5 VA 5.0 VA Rﬁévlﬁv
MY Wﬁmﬂm}— fouk T{W ﬁm e — L
10|m~./(iv

Fig. 18. Control system performance during sudden reactive power change
with +25% increase in L.
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Fig. 19. Control system performance during sudden reactive power change
with -25% decrease in L.

always remain in the linear region of the B-H curve of the
inductor. The robustness of the d-g current controller to the
parameter L was investigated in several references where it
was shown that the controller remained robust to inaccuracy of
L [32, 33]. Furthermore, minor deterioration in the
performance of the current controller does not affect the rest
of the control system because its dynamic is much faster than
the rest of the controllers (as it is the inner control loop). To
demonstrate the robustness of the proposed control system to
the variations in L additional experimental tests in which the
value of L was changed by +25% are performed. As it can be
seen from Figs. 18 and 19, the control system maintains good
performance even with +25% change in the value of L.

VII. CONCLUSIONS

In this paper a decoupled control system for a CHB
multilevel converter-based STATCOM has been proposed.
Two decoupling conditions which (i) eliminate the effect of
the individual voltage controllers on the cluster voltage
controller and the current controller and (ii) linearize the
cluster voltage control loop have been derived. The first
decoupling condition requires that the sum of the squares of

the capacitor voltages in the cluster voltage controller is
controlled to be constant and the second condition requires
that the sum of the changes applied by the individual voltage
controllers to the H-bridges output voltages is zero.
Experimental results on a 7-level CHB based STATCOM
demonstrated the effectiveness of the proposed decoupled
control system in improving the transient responses. [The
proposed decoupled control system can also be applied to
three-phase CHB multilevel converters which are basically
composed of three identical single phase legs.
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