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Abstract—This paper presents a novel dc capacitor voltage bal-
ance control method for cascade multilevel static synchronous com-
pensator (STATCOM) and a general analytical method for balance
control strategy. Considering that the imbalance of dc capacitor
voltage is caused by the inconsistency of active power absorbed
and consumed by chain, a balance control strategy based on active
voltage vector superposition is proposed, in which an active voltage
component is superposed to chain’s output voltage to change its ab-
sorbed active power. A general analytical method based on vector
analysis is also presented, by which the performance of balance
control strategy can be analyzed, including stability and regula-
tion capacity. To find out the most appropriate balance control
strategy, a comparison still based on vector analysis among the
proposed and other two commonly used methods is provided, from
which it can be known that the proposed balance control strategy
has the advantage of good stability and strong regulation capac-
ity, and simulations are performed to prove it. The effectiveness of
proposed control scheme has been verified by experimental results
based on a three-phase 36-chain cascade multilevel STATCOM
laboratory prototype.

Index Terms—Cascade multilevel, dc capacitor voltage balance,
static synchronous compensator (STATCOM), vector analysis.

I. INTRODUCTION

COMPARED with the conventional 12-pulse voltage-
sourced converter static synchronous compensator (STAT-

COM), the cascade multilevel STATCOM has the following
advantages: transformerless, small volume, high efficiency, in-
dividual phase control ability, redundancy, etc. [1]–[3], it has
been widely studied recently.

As the dc capacitors of cascade multilevel STATCOM are all
independent and the shunt loss, switching loss, and switching
delay of each chain are different, the dc capacitors voltage will
be unbalanced [4]. The unbalanced dc-link capacitor voltage
will introduce some problems, such as the increase of the output
voltage total harmonic distortion (THD). When the degree of
unbalance increases, the capacitor voltage of some chains be-
comes higher than others, which affects the safety of the devices
or leads to serious system collapse [5].
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Previously, the selective harmonic elimination (SHE) was
usually selected as modulation strategy for cascade multilevel
STATCOM [6]–[8]. A balance control strategy based on swap-
ping pulses is proposed in literature [6], in which all dc ca-
pacitors will be equally charged and balanced. This method
is simple and does not need to detect all dc voltages, it
can only eliminate the imbalances caused by the inconsistent
drive pulse, but not those caused by other reasons, such as
the difference of dc capacitors, switches, etc. Therefore, it is
more inclined to achieve balance through closed-loop control
now.

The balance control method based on ac bus energy exchange
was proposed in [9]–[12], in which the dc voltages are coupled
to a common ac bus through inverters to distribute active power
among chains dynamically. Similarly, the method based on dc
bus energy exchange was proposed in [13]. But both of the
methods need additional hardware circuits and control systems,
which will increase the system cost and complexity.

In recent years, the modulation strategy of carrier phase shift
is usually adopted for cascade multilevel STATCOM [14]–[21],
because this strategy is easier to achieve dc capacitor voltage
balance by the way of closed-loop control compared with SHE.
Regulation of phase-shift angle is the most commonly used bal-
ance control strategy [15]–[17], which changes the absorbed
active power of each chain through changing the phase angle of
its output voltage; this method is direct, however, the phase-shift
angle is relatively small for large-capacity STATCOM and the
inappropriate change of the phase-shift angle will cause the sys-
tem unstable. An individual voltage balancing strategy (IVBS)
has been proposed in [18] and [19] to realize independent mod-
ulation control of each chain, in which an active component is
superposed to chain output voltage. However, the cosine value
of the current phase angle is included in the denominator; there-
fore, the system becomes very sensitive to disturbance due to
the zero-crossing point of the sine value. Another balance con-
trol method named individual balancing control is proposed
in [20]–[22], in which a cosine component of system voltage
is superposed to chain output voltage. But the disadvantage is
with poor regulation capability under small reactive current and
is easy to be affected by the accuracy of phase-locked loop
(PLL).

Regulation capacity and stability are the most important eval-
uation index of balance control strategy. Any kind of balance
control strategy has its own regulation range, and it could not
achieve dc capacitor voltage balance control at full range; there-
fore, it is necessary to derive its maximum regulation range
quantitatively, which can play a guiding role of system design
and components selection; stability is related to the difficulty
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of system control parameter design and a good control method
should have strong robustness; therefore, it is essential to study
the stability of balance control strategy deeply.

Many dc capacitor voltage balance control strategies have
been proposed for cascade multilevel STATCOM in the present
literatures, but the comparison among various balance control
strategies has been rarely discussed, it is necessary to make a
comparison among various methods in order to find out the most
suitable one.

In this paper, a novel dc capacitor voltage balance control
strategy based on active voltage vector superposition for cas-
cade multilevel STATCOM is proposed, in which the actual
phase current is used to regulate the absorbed active power
of each chain to achieve balance control, and it can over-
come the problems mentioned earlier in [18]–[22]. Further-
more, the way of vector analysis is presented; through this
method, the stability and regulation capability of proposed con-
trol strategy is analyzed, and the maximum regulation range
is quantitatively given. In order to find out the most appro-
priate balance control strategy, a comparison still based on
vector analysis among three types of balance control strategy
is presented, including comparison of stability and regulation
capability.

This paper focuses on the dc capacitor voltage balance con-
trol for cascade multilevel STATCOM, which adopts carrier
phase-shifting modulation strategy. The rest of paper is orga-
nized as follows. In Section II, three types of balance control
strategy for cascade multilevel STATCOM through vector anal-
ysis of a single chain are concluded, and the balance control
strategy based on active voltage vector superposition is pro-
posed. Section III is devoted to present a new analytical way
based on vector analysis for the proposed control strategy, in-
cluding stability and regulation capability analysis. Section IV
focuses on comparison among three types of balance control
strategy, and the conclusion is verified by simulation. Section
V will be devoted to validate the proposed control scheme
through experimental results, followed by conclusions in
Section VI.

II. BALANCE CONTROL STRATEGY BASED ON ACTIVE

VOLTAGE VECTOR SUPERPOSITION

A. Vector Analysis of Cascade Multilevel STATCOM

The system diagram of delta-connected cascade multilevel
STATCOM is shown in Fig. 1. In Fig. 1, usa , usb , and usc are
the phase voltage of point of common coupling (PCC); usab ,
usbc , and usca are the line-to-line voltage of PCC; urab , urbc ,
and urca are the line-to-line voltage of STATCOM; isab , isbc ,
and isca are the phase current; the positive current direction is
represented in the schema; uc1 , uc2 , . . . , ucN are dc capacitor
voltage of arbitrary link; L is the joint inductance; and N is the
chain number.

Ignoring the series loss of cascade multilevel STATCOM, the
system has three operation modes: capacitive mode, inductive
model, and the no-load mode, the vector diagrams are shown in
Fig. 2, respectively, where u̇s is the system voltage, u̇r is the

Fig. 1. System diagram of cascade multilevel STATCOM. (a) System connec-
tion diagram. (b) Circuit of single-phase link.

STATCOM output voltage, i̇s is the phase current, and u̇L is the
voltage of joint inductance.

For simplicity, all the analyses are based on inductive mode,
since the other two modes have the similar analysis methods
and conclusions. When an arbitrary link is considered as study
object, it can be equivalent into two series inverters through
vector analysis of one chain and the remaining N – 1 chains of
this link. When the dc capacitor voltage are balanced, and all
chains are assumed to be the same and their dc-side voltage are
u∗

dc and (N − 1)u∗
dc , respectively, there exist three vector oper-

ation modes with different modulation index, which is shown in
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Fig. 2. Vector diagram of cascade multilevel STATCOM. (a) Capacitive mode.
(b) No-load mode. (c) Inductive model.

Fig. 3, where the two circles represent the output voltage range
of the inverters and P is the steady-state operating point, which
is expressed as follows:

⎧
⎨

⎩

ur1 = M(N − 1)u∗
dc

ur2 = Mu∗
dc

ur = ur1 + ur2 = MNu∗
dc

. (1)

where M represents the modulation index and u∗
dc is the rated

dc voltage of a single chain.
Generally, it is impossible to work at point P for the system

because of differences among chains, which will produce an
offset. For instance, the steady-state operating point in Fig. 3(a)
can only be located in the shadow area, which is shown in
Fig. 4(a) according to geometric analysis. The shadow area is
the overlapping part of two circles, which means that the output
u̇r can only be synthesized in this area. In addition, the dc
capacitor voltage of cascade multilevel STATCOM can only be
maintained by absorbing active power from system; therefore,
the absorbed active power of arbitrary chain is positive, and
Fig. 4(b) shows the stable operation area of cascade multilevel
STATCOM.

B. Balance Control Strategy Based on Active Vector
Superposition

Fig. 5 illustrates circuit of an arbitrary chain and its vector
diagram, where urj is the chain output voltage, θj is the angle

Fig. 3. Operation vector diagram with different modulation index. (a) Oper-
ation vector diagram when (N – 1)/N ≤ M ≤ 1. (b) Operation vector diagram
when 1/N ≤ M ≤ (N – 1)/N. (c) Operation vector diagram when 0 ≤ M ≤ 1/N.

between them, ucj is the dc-side voltage, and Rj is the equivalent
shunt resistance, j = 1, 2, . . .N.

According to active power balance, the variation of energy
stored in capacitor depends on the absorbed active power and
the consumption of the chain

PC j = Pabsorb − Ploss =
d(1/2Cu2

cj )
dt

(2)

where Pabsorb is the absorbed active power of the chain, Urj

is the rms value of output voltage, Is is the rms value of phase
current, and Ploss is the power loss of the chain, including dc-
side power loss, switching loss, etc.

Pabsorb = Urj Is cos θj . (3)

According to (2), there are two ways to vary the dc-side volt-
age of chain, including regulation of the absorbed active power
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Fig. 4. Operation area of cascade multilevel STATCOM when (N – 1)/N ≤ M
≤ 1. (a) Effective range of the output voltage vector. (b) Stable operation area.

Fig. 5. Circuit and vector diagram of single chain. (a) Single chain circuit. (b)
Single chain vector diagram.

and regulation of the consumed active power. As the power
loss is fixed under fixed compensation current, the dc capacitor
voltage balance can only be realized through regulation of the
absorbed active power.

Equation (3) shows that there are three ways to change the ab-
sorbed active power of chain, including regulation of the output
voltage magnitude, regulation of the phase current magnitude,

and regulation of the angle between them. As the magnitude and
direction of current are fixed, only the magnitude and direction
of chain output voltage can be changed, which corresponds to
the chain controller output modulation index and phase-shift
angle.

The dc capacitor voltage balance control for cascade multi-
level STATCOM usually adopts hierarchical control structure,
in which the total active and reactive power control is achieved
by upper layer control; on this basis, the active power distri-
bution among chains of homophase is achieved by lower layer
control to realize dc voltage balance. Taking decouple control,
for example, [23]–[25], the control diagram is shown in Fig. 6.

Therefore, according to the preceding analysis, the control
strategy can be summarized as the following three steps:

1) modulation index regulation and maintain phase-shift an-
gle;

2) phase-shift angle regulation and maintain modulation in-
dex;

3) regulation of both at the same time.
At present, most balance control strategies are based on the

three methods mentioned earlier, a balance control strategy
based on active voltage vector superposition is proposed on
the basis of the third method, the control diagram is shown in
Fig. 7, where Kp is the proportional coefficient.

The proposed control strategy is based on closed-loop control.
Its basic idea is that a vector paralleled with phase current is
superimposed to the output of upper layer control, which denotes
a pure active voltage vector. All dc voltages must be detected, the
reference voltage is the average value of homophase chains and
the feedback is the actual value of each chain. If the feedback
voltage is lower than the reference, a vector with the same
direction of phase current is superimposed; vice versa, a vector
with the opposite direction is superimposed, then the absorbed
active power of each chain can be adjusted, while the balance
control can be achieved.

III. VECTOR ANALYSIS OF BALANCE CONTROL STRATEGY

BASED ON ACTIVE VOLTAGE SUPERPOSITION

Vector analysis includes two aspects: one is the stability of
balance controller, it is supposed that the lower layer controller
will not affect the upper layer controller for hierarchical control
structure, otherwise, it will easily lead to instability of control
systems; the other aspect is the regulatory capacity of balance
control strategy, since the differences among chains are random
and the power loss difference may be comparatively large, a
good balance control strategy should have a strong regulatory
capacity.

A. Stability Analysis of Balance Control Strategy

The vector diagram of proposed balance control strategy
based on active voltage superposition is shown in Fig. 8. In
Fig. 8, u̇r2 becomes u̇f s after adding active voltage vector Δu̇f s ,
the active power absorbed of chain can be adjusted through
changing the magnitude of Δu̇f s , then the dc voltage can be
also maintained; at the same time, u̇r1 becomes u̇f c after adding
active voltage vector −Δu̇f s . The single-link vector diagram of
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Fig. 6. Hierarchical controller for cascade multilevel STATCOM.

Fig. 7. Diagram of balance control strategy based on active voltage superpo-
sition.

balance control strategy is shown in Fig. 9 by analogy, where
u̇f 1 , u̇f 2 , . . ., u̇f N are, respectively, the steady-state output volt-
age vector of chains after regulation through balance control
strategy.

From Fig. 9, it yields

N∑

n=1

u̇f n = u̇r . (4)

Equation (4) shows that the balance control strategy based
on active voltage vector superposition will not affect the upper
layer control; the upper and lower layer controls are absolutely

Fig. 8. Vector analysis of balance control strategy based on active voltage
superposition.

Fig. 9. Vector analysis of balance control strategy based on active voltage
vector superposition for single link.

decoupled, the control strategy is with good stability and the
controller parameters are simple to design.

B. Regulation Capacity Analysis of Balance Control Strategy

The regulation capacity refers to the maximum range of active
power absorbed in chain through the balance control algorithm,
it can be characterized by the active component of regulation
voltage, also namely by the projection of regulation voltage at
the direction of phase current. The regulation scope of balance
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Fig. 10. Regulation range of balance control based on active voltage vector
superposition.

control varies with different working conditions, but the possible
maximum scope can be deduced under certain condition.

The maximum range based on active voltage vector super-
position is shown in Fig. 10, P1 and P2 are the stable work-
ing points at maximum regulation range, u̇p max 1 and u̇n max 1
are, respectively, their projection in the current direction, where
u̇p max 1 denotes the maximum active voltage that can be in-
creased and u̇p max 1 denotes the maximum active voltage that
can be reduced.

In Fig. 10, angle δ1 can be got through modulation index
M and phase-shift angle δ, which is obtained from decoupling
control of upper layer

δ1 = tan−1
(

us sin δ

us cos δ − NMu∗
dc

)

. (5)

Then

up max 1 = (N − 1)Mu∗
dc sin δ1 (6)

un max 1 = Mu∗
dc sin δ1 . (7)

Assume that the active regulation range is [−Ph1 Ph2], then

Ph1 = up max 1Is = (N − 1)Mu∗
dc sin δ1Is (8)

Ph2 = un max 1Is = Mu∗
dc sin δ1Is. (9)

IV. COMPARATIVE ANALYSIS OF BALANCE

CONTROL STRATEGIES

Modulation index regulation and phase-shift angle regulation
are two dc capacitor voltage balance control strategies com-
monly used in cascade multilevel STATCOM. A comparison is
made among the proposed control strategy and this two. Their
advantages and disadvantages are studied by the way of stability
and regulation range analysis.

A. Control Diagram of Two Commonly Used Balance Strategy

1) Strategy I: Control Diagram Based on Modulation Index
Regulation: The chain output voltage can be altered by modula-
tion index regulation in the control strategy based on modulation
index regulation. Its control diagram is shown in Fig. 11. The
reference voltage is the average of homophase chains; the feed-
back is the actual of each chain, when the actual voltage is lower

Fig. 11. Control diagram of balance control strategy based on modulation
index regulation.

Fig. 12. Control diagram of balance control strategy based on phase-shift
angle regulation.

than the reference. When the modulation index increases, the
chain output voltage is also increased; when modulation index
decreases, the chain output voltage also decreases.

2) Strategy II: Control Diagram Based on Phase-Shift Angle
Regulation: The angle between chain output voltage and phase
current can be altered by changing the phase-shift angle in the
control strategy based on phase-shift angle regulation. Its control
diagram is shown in Fig. 12.

In Fig. 12, the reference voltage is the average of homophase
chains, the feedback is the actual of each chain; when the actual
voltage is lower than the reference, the phase-shift angle is
increased; otherwise the phase-shift angle is decreased.
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Fig. 13. Vector analysis of balance control strategy based on modulation index
regulation.

Fig. 14. Vector analysis of balance control strategy based on modulation index
regulation for single link.

B. Comparative Analysis of Stability for Balance
Control Strategy

1) Discussion I: Stability Analysis Based on Modulation In-
dex Regulation: The steady-state operating point moves in u̇r

only when modulation index is regulated, the vector diagram
is shown in Fig. 13. The single-link vector diagram of balance
control strategy is shown in Fig. 14 by analogy.

According to Fig. 14, the following equation can be obtained
as

N∑

n=1

u̇f n = u̇r . (10)

Equation (10) shows that the balance control strategy based
on modulation index regulation will not affect the upper layer
control, the upper and lower layer controls are absolutely decou-
pled; the control strategy is with good stability and the controller
parameters are simple to design.

2) Discussion II: Stability Analysis Based on Modulation
Index Regulation: u̇f c moves in the circle with radius of
M(N − 1)u∗

dc , while vector u̇f s moves in the circle with ra-
dius of Mu∗

dc when only the phase-shift angle is regulated, and
the vector diagram shown in Fig. 15, the two circles are tangent
at point P; therefore, there is no intersection point between u̇f c

and u̇f s .
Then, the single-link vector diagram of balance control strat-

egy is shown in Fig. 16, where u̇f 1 , u̇f 2 , . . ., u̇f N , respectively,
move in the circle with radius of Mu∗

dc .
The conclusion can be obtained as the following:

N∑

n=1

u̇f n �= u̇r . (11)

Equation (11) shows that the balance control strategy based
on phase-shift angle regulation will affect the upper control; the

Fig. 15. Vector analysis of balance control strategy based on phase-shift angle
regulation.

Fig. 16. Vector analysis of balance control strategy based on phase-shift angle
regulation for single link.

Fig. 17. Regulation range of balance control strategy based on modulation
index regulation.

coupling exists between the upper and lower layer; therefore,
the balance controller is difficult to design and improper designs
will easily cause system instability.

C. Comparative Analysis of Regulations Capability for Balance
Control Strategy

1) Discussion I: Analysis of Regulations Capability Based on
Modulation Index Regulation: The maximum variation range of
modulation index through the method of modulation index reg-
ulation is shown in Fig. 17, the active component of regulation
voltage are, respectively, u̇p max 2 and u̇n max 2 .

It can be derived as the following:

up max 2 = (1 − M)u∗
dc sin δ1 (12)

un max 2 = (N − 1)(1 − M)u∗
dc sin δ1 . (13)
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Fig. 18. Regulation range of balance control strategy based on phase-shift
angle regulation.

Assuming that the active regulation range is [−PM 1 PM 2],
then

PM 1 = up max 2Is = (1 − M)u∗
dc sin δ1Is (14)

PM 2 = un max 2Is = (N − 1)(1 − M)u∗
dc sin δ1Is. (15)

2) Discussion II: Analysis of Regulations Capability Based
on Modulation Index Regulation: The maximum regulation
range of phase-shift angle regulation is shown in Fig. 18, the ac-
tive component of regulation voltage are, respectively, u̇p max 3
and u̇n max 3 .

It can be obtained that

up max 3 = (N − 1)Mu∗
dc sin δ1 (16)

un max 3 = Mu∗
dc sin δ1 . (17)

Assuming that the active regulation range is [−Pδ1 Pδ2], then

Pδ1 = up max 3Is = (N − 1)Mu∗
dc sin δ1Is. (18)

Pδ2 = un max 3Is = Mu∗
dc sin δ1Is. (19)

D. Comparative Analysis of Three Balance Control Strategies

1) Conclusion I: Comparison of Stability: From the com-
parative analysis of stability, it is known that for three kinds of
balance control strategy:

1) the upper and lower layer controls in the balance control
strategies based on active voltage vector superposition and
modulation index regulation are absolutely decoupled and
the parameters of balance controller are easy to design;

2) the upper layer and lower layer control in the balance
control strategy based on phase-shift angle regulation are
coupled with each other;

3) the balance control strategies based on active voltage
vector superposition and modulation index regulation
are of strong stability, and the balance control strategy
based on phase-shift angle regulation is susceptible to
interference.

2) Conclusion II: Comparison of Regulation Range: On
comparing (8), (9), (14), (15), (18), and (19), it can be obtained

that when (N – 1)/N ≤ M ≤ 1
{

PM 1 < Ph1 = Pδ1
PM 2 < Ph2 = Pδ2

. (20)

Analyzing Fig. 3(b) by the same method, when 1/N ≤ M ≤
(N − 1)/N

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

PM 1 = (1 − M)u∗
dc sin δ1Is

PM 2 = Mu∗
dc sin δ1Is

Pδ1 = (N − 1)Mu∗
dc sin δ1Is

Pδ2 = Mu∗
dc sin δ1Is

Ph1 = (N − 1)Mu∗
dc sin δ1Is

Ph2 = Mu∗
dc sin δ1Is

. (21)

Then
{

PM 1 < Ph1 = Pδ1
PM 2 = Ph2 = Pδ2

. (22)

Similarly from Fig. 3(c), when 0 < M ≤ 1/N
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

PM 1 = (N − 1)Mu∗
dc sin δIs

PM 2 = Mu∗
dc sin δ1Is

Pδ1 = (N − 1)Mu∗
dc sin δ1Is

Pδ2 = Mu∗
dc sin δ1Is

Ph1 = (N − 1)Mu∗
dc sin δ1Is

Ph2 = Mu∗
dc sin δ1Is

. (23)

Therefore,
{

PM 1 = Ph1 = Pδ1
PM 2 = Ph2 = Pδ2

. (24)

Analyzing the regulation range of three types of balance con-
trol strategy, it can be concluded that:

1) the regulation range is related with the modulation index
for three types of balance control strategy;

2) the regulation capability of balance control strategy based
on active voltage vector superposition is the same as that
of balance control strategy based on phase-shift angle reg-
ulation;

3) the regulation capability of balance control strategy based
on modulation index regulation is the same as the other
two when the modulation is small, but it is smaller than
the others when the modulation is big.

Through the comparative analysis of stability and regulation
range, it is known that the presented balance control strategy
based on active voltage vector superposition is best.

V. SIMULATION VERIFICATION OF THREE TYPES OF BALANCE

CONTROL STRATEGY

A. Parameters of Simulation System

The three types of control strategy are verified by simulation,
the system parameters are shown in Table I.

To verify the balance control strategies, take the dc-side shunt
resistor of one chain to be R and that of all other chains are 1
kΩ, which can cause difference of shunt loss among chains.

When cascade multilevel works in inductive mode and ab-
sorbs rated reactive current, the modulation index is as follows:

M = (us − IrefωL) ×
√

2/N/udc = 0.61.
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TABLE I
SPECIFICATIONS OF SIMULATION

Fig. 19. Contrast of regulation range.

Figure out the regulation range of three types of balance
control strategy according to modulation index, which is shown
in Fig. 19, where M = 0.61, δ ∈ [0.1◦ 1◦].

When R = 500 Ω, the shunt loss difference among chains is
as follows:

ΔP =
u2

dc

500
− u2

dc

1000
= 1 kW.

When R = 200 Ω, the shunt loss difference among chains is
as follows:

ΔP =
u2

dc

200
− u2

dc

1000
= 4 kW.

B. Simulation Without Balance Control Strategy

The dc-side capacitor voltage waveforms are shown in Fig. 20,
when shunt loss difference among chains exits and no balance
control strategy is adopted. Fig. 20 shows that the shunt loss
difference will cause serious imbalance of capacitor voltage for
cascade multilevel STATCOM. When R = 200 Ω, the maximum
difference of dc capacitor voltage among chains is 973 V, and

when R = 500 Ω, the maximum difference of dc capacitor
voltage among chains is 578 V.

C. Simulation of Balance Control Strategy Based
on Modulation Index Regulation

Fig. 19 shows that the dc capacitor voltage of cascade mul-
tilevel STATCOM can be maintained balanced when shunt re-
sistance is 500 Ω, but it exceeds its balance regulation range
when shunt resistance is 200 Ω. The conclusions are verified by
simulation, the simulation waveforms of R = 500 Ω are shown
in Fig. 21, while that of R = 200 Ω are shown in Fig. 22.

Fig. 21 shows that the dc capacitor voltage of cascade mul-
tilevel STATCOM can be balanced through the control strategy
of modulation index regulation, there is a certain steady-state
error for proportional control, and the maximum difference of
capacitor voltage is 20 V.

Fig. 22(a) shows that the maximum difference is 220 V when
the proportion coefficient Kp = 15; therefore, the capacitor
voltage difference can be reduced by the control strategy of
changing modulation index, but it still exists a large steady-
state error. Fig. 22(b) shows that the system oscillation has
occurred when the proportion coefficient Kp is increased to 16,
which indicates that the capacitor voltage cannot be balanced
by the control strategy of changing modulation index under this
condition.

D. Simulation of Balance Control Strategy Based on
Phase-Shift Angle Regulation

The dc-side capacitor voltage waveform through the balance
control strategy based on phase-shift angle regulation is shown
in Fig. 23, when the shunt resistance R = 200 Ω. The maximum
difference of capacitor voltage is 15 V; therefore, the capacitor
voltage can be balanced by the control strategy of phase-shift
angle regulation even if the shunt loss is quite different, but
the proportional coefficient Kp cannot exceed 13; therefore, the
adjustment range is rather small.

E. Simulation of Balance Control Strategy Based
on Active Voltage Vector Superposition

The dc-side capacitor voltage waveform through the balance
control strategy based on active voltage vector superposition is
shown in Fig. 24, when the shunt resistance R = 200 Ω. It can
be seen that the maximum difference of capacitor voltage is
14 V; therefore, the balance of dc capacitor voltage is achieved
perfectly. Meanwhile, the value of Kp can be ranged to 950;
therefore, adjustment range is rather wide.

VI. EXPERIMENTAL RESULTS

A. Description of Experimental System

A prototype of cascade multilevel STATCOM has been devel-
oped to verify the proposed control strategy and compensation
modes, the structure of this prototype is still the same as that
shown in Fig. 1 with delta connection and 12 chains in each
phase. The parameters of prototype are shown in Table II.
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Fig. 20. DC capacitor voltage waveforms without balance control strategy. (a) R = 200 Ω. (b) R = 500 Ω.

Fig. 21. DC capacitor voltage waveforms of R = 500 Ω through the control strategy of modulation index regulation.

Fig. 22. DC capacitor voltage waveforms of R = 200 Ω through the control strategy of modulation index regulation. (a) R = 200 Ω and Kp = 15. (b) R = 200
Ω and Kp = 16.
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Fig. 23. DC capacitor voltage waveforms of R = 200 Ω through the control strategy of phase-shift angle regulation.

Fig. 24. DC capacitor voltage waveforms of R = 200 Ω through the control strategy of active voltage superposition.

TABLE II
SPECIFICATIONS OF PROTOTYPE

Fig. 25 shows the main circuit and controller of prototype,
a concurrent hardware based on an association between DSP
TM320F28335 and dual field programmable gate array (FPGA)
XC3S250 was constructed to realize the control scheme shown
in Fig. 2. The DSP is dedicated to realize the current control
loop; one FPGA is dedicated to generate the PWM gating sig-
nals and the other is dedicated to achieve communications and
protections.

The shunt resistance of one chain is set as 50 kΩ, while
the others are set to be 100 kΩ; therefore, their shunt losses

are different. A comparison is made on dc capacitor voltage
distribution among link AB between situations with and with-
out balance control, and the controller parameters are obtained
through experiment and simulation.

B. Experimental Verification of Balance Control Strategy

The capacitor voltage distributions with and without bal-
ance control are listed in Table III from the industrial personal
computer (IPC).

Fig. 26(a) shows the waveforms of system voltage, link output
voltage, and phase current of phase AB without balance control
strategy; Fig. 26(b) is the THD of link output voltage. It is known
that the capacitor voltage is very inconsistent without balance
control; the maximum voltage is 65 V, while the minimum
voltage is 34 V; the maximum difference is 31 V and the THD
of output voltage is 2.613%.

Fig. 27(a) shows the waveforms of system voltage, link out-
put voltage, and phase current of phase AB with balance control
strategy; Fig. 27(b) is the THD of link output voltage. It can be
known that the capacitor voltage tends to be identical with bal-
ance control; the maximum voltage is 54 V, while the minimum
voltage is 52 V; the maximum difference is 2 V and the THD of
output voltage is reduced to 2.496%. Comparing Fig. 26 with
Fig. 27, the effectiveness and feasibility of proposed balance
algorithm are proved.
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Fig. 25. Prototype of cascade multilevel STATCOM. (a) Main circuit. (b)
Main controller.

TABLE III
CAPACITOR VOLTAGE DISTRIBUTIONS WITH AND WITHOUT BALANCE

CONTROL

Fig. 26. Experiment of phase AB without balance control. (a) Waveforms of
system voltage, link output voltage, and phase current. (b) THD of link output
voltage.

Fig. 27. Experiment of phase AB with balance control. (a) Waveforms of
system voltage, link output voltage, and phase current. (b) THD of link output
voltage.
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VII. CONCLUSION

This paper has proposed a novelty dc capacitor voltage bal-
ance control strategy for cascade multilevel STATCOM. The
dc capacitor voltage imbalance is caused by the difference of
absorbed power and power loss among chains; hence, the dc
capacitor voltage balance can be achieved through changing the
absorbed power of chain, on this basis three types of balance
control strategy are discussed and one of them is presented based
on active voltage vector superposition. The control diagram of
proposed method is illustrated, in addition, stability and regula-
tion range are analyzed through vector analysis. Comparing the
proposed method with the other two commonly used balance
control strategies by vector analysis, the proposed method has
the following advantages: 1) it is absolutely decoupled with the
upper layer control; therefore, it has good control performance
and the control parameters are easy to design and 2) its regula-
tion capability is rather strong. In this paper, all the theoretical
analysis is verified by simulation and also a prototype of cas-
cade multilevel STATCOM is developed to prove it. Simulation
and experimental results show that the problem of dc capac-
itor voltage balance for cascade multilevel can be effectively
solved by the balance control strategy of active voltage vector
superposition.
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