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DC Capacitor Voltage Control Strategy for the Cascaded STATCOM
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Abstract: In order to solve the DC capacitor voltage balance problem of the cascaded static synchronous compensator
(STATCOM), a software method is presented. On the basis of overall control, a zero sequence injection method is used to
realize the clustered balancing control. By using this method, a star-connected cascaded STATCOM will have a certain
ability to compensate the unbalance load. An improved carrier disposition pulse width modulation method is proposed to
realize the individual balancing control problem. By using the proposed PWM method, the charging and discharging time
of the capacitors can be controlled by changing the distributive rule of modulation signal according to the capacitor volta-
ges. The results of simulation and practical application show the validity of the proposed control strategy.
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1. INTRODUCTION

STATCOM (static synchronous compensator) is the most
advanced reactive power compensation device currently,
with excellent compensation performance [1-3]. Compared
with other STATCOM, the cascaded STATCOM is relative-
ly structured simply, easy to expand and modularize, able to
realize split phase control and redundant running, etc. [4, 5],
which is particularly suitable for operation in medium-
voltage and high-voltage distribution network.

STATCOM’s DC capacitor voltage plays a supporting
role and the cascaded STATCOM is influenced by compo-
nent values, the inverter bridge loss, pulse delay because
STATCOM’ each power unit is in DC capacitor independ-
ence, which causes DC capacitor voltage imbalance [6, 7],
and adverse effects on an harmonic characteristic of output,
when it is severe, some links will be over-voltage causing
unsafe operation of devices. Thus, it is necessary to look for
a quick and effective method for equalizing voltages. The
existing equalizing voltages method can be divided into
hardware way and software way.

In hardware way, there are typical methods based on the
AC bus voltage energy exchange and the DC bus energy
exchanges [8, 9]. The hardware way is complicated and ex-
pensive; therefore, this paper presents research on software
equalizing strategy. The software equalizing method are var-
ious [10-14], but most of them are complex and difficult to
achieve, or in the potential stability problems. This paper
aims to propose an industry equalization method which is
easy to achieve, and it briefly introduces the common
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cascaded STATCOM control strategy, then the DC capacitor
control-related issues are discussed, focusing on the DC
equalizing control strategy, solving the inter-phase voltage
equalizing problem based on zero-sequence voltage injection
method. For the problem of external phases equalizing, it
proposes an improved carrier disposition PWM method. At
last, the simulation and industry verification is shown.

2. CASCADED STATCOM CURRENT CONTROL

Due to the grid voltage disturbances and current coupling
of cascaded STATCOM, utility voltage feed forward control
and output current decoupling control are usually used, con-
trol block diagram is shown in Fig. (1). In the Figure, fun-
damental active current command signal icd* is gotten from
the DC voltage control loop, and means reactive current ref-
erence value icq* is obtained through the reactive detection
of the load current.

By calculating abc-dq transform for output currents ica,
icb, icc of STATCOM device, we obtained icd, icq in syn-
chronous rotating coordinate system, which are correspond-
ing to the actual device’s active and reactive current respec-
tively, then compare them separately with icd* and icq*, the
STATCOM’s output voltage command signal ved*, veq* are
obtained by feed forward decoupling the error by PI control-
ler. The three-phase output voltage modulation wave vca*,
veb* M vee* are obtained by abe-dq transform of ved*,
veq®, and finally through modulation the output PWM wave-
form is gotten to obtain the desired current compensation.

When STATCOM do reactive compensation alone, the
command signals icd* and icq* are DC value, which control
can be tracked without static error by PI control, but STAT-
COM requires both harmonic and unbalance compensation
component, the command signal will contain alternating
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Fig. (1). Control diagram of cascaded STATCOM.

component, and the ordinary PI control will not achieved
good tracking compensation effect, thus, repeating control
and resonance control technology can be used.

2. INTRODUCTION OF DC CAPACITOR CONTROL

DC capacitor is a key part of cascaded STATCOM, its
controls mainly consists of two aspects, one is how to estab-
lish initial voltage of the capacitor, and the other is how to
control the capacitor voltage of the normal operation.

The Establishment of initial DC capacitor voltage is usu-
ally done in the device’s startup process, because STAT-
COM AC side filter inductor is usually small, there will be a
significant impact current without control on the device at
starting time, which may cause the capacitor voltage sub-
stantial overshoot, a serious threat to the safe operation of
the device. Thus, STATCOM must take soft start measures.
In this paper, the STATCOM soft start can be divided into
resistance and control soft starting two stages. After the de-
vice is powered up, the inverter IGBT is blocked, DC capaci-
tor is charged by uncontrolled rectifier circuit consisting of
soft start resistor and inverter bridge IGBT. The value soft
start resistor is determined in accordance with current value
we want to control, generally peak current of soft resistor is
less than IGBT current levels, and it is also necessary to con-
sider the soft start resistor’s thermal capacity. After stabiliz-
ing charge voltage of DC side capacitor by the soft start re-
sistor, it has to do further charge to make the capacitor volt-
age reach the desired voltage to work properly. Meantime,
bypass the soft start resistor, open IGBT driving, set the re-
active current command as zero, and control Inverter Bridge
to work on PWM rectifier state status in odder to continue
charging the capacitor. In order to limit the charging current

of this step, the voltage control loop command voltage can
be set to rise by a certain slope gradually. The capacitor’s
reference voltage value Vref step is calculated by the fol-
lowing formula (1) in each control cycle

Vet ~o

ref

Vref step
I J ()
In formula (1), Vref is the reference value of DC voltage,
VO is the initial DC voltage value of soft start, and T is the
time of control soft start, fc is control frequency of STAT-
COM. By adjusting the Vref step, we can easily change the
time of controlling soft start. If capacitor voltage rises to
Vref, the controlling soft start stops, and the device goes into
the normal operating state. The effect of the soft start strate-
gy of STATCOM is shown in Fig. (1) (a two-stage cascade
of STATCOM by matlab simulation), the entire voltage ris-
ing process is steady, and the device output current is always
small.

After the device going into normal operation, the capaci-
tor voltage control device is another key point, and there are
three control method mentioned in the existing literature [15,
16]

(1) The capacitor voltage is kept constant, which means
that regardless of STATCOM in capacitive or inductive sta-
tus, DC side voltage remains unchanged. The disadvantage
of this approach is that when STATCOM operates in induc-
tive status, the inverter output voltage will be less than the
system voltage, and the inverter voltage modulation ratio M
will be a smaller value, leading to deterioration of the output
characteristics of the device.

(2) Keep the modulation ratio M as constant (usually
taking the maximum modulation ratio). The advantage of
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this approach is that M was maintained at maximum, and the
output voltage harmonic distortion is small. The disad-
vantage is that the capacitor voltage changes on reactive
change and capacitor’s characteristics determine that the
transient response is slow.

(3) Capacitor reference voltages are one high and one
low two values, if the devices works in capacitive status,
choose high reference voltage, and choose low reference
voltage in inductive status. This avoids the case of a small
voltage modulation ratio M occurs, but it also increases the
complexity of control.

When STATCOM is used for distribution network, be-
sides reactive power compensation, it is often required to
take into account certain harmonic compensation and asym-
metry component compensation. At this time, the device
must have the ability of fast dynamic response. In the above
three control methods, (1) is most simple and can provide the
fastest dynamic response meet the requirements, and because
of cascaded STATCOM structure has the advantage of small
output voltage harmonic distortion, it able to make up for the
method (1)’s the shortcomings to a certain extent, so method
(1) is used in this paper to control the DC side capacitor
voltage constant. By this method, the DC capacitor voltage
problem of normal operation is equalization problem.

3. DC CAPACITOR VOLTAGE CONTROL STRATE-
GIES

3.1. Capacitor Voltage Overall Control

First we have to consider the overall capacitor voltage
control scheme. Supposing that each power unit’s DC capac-
itor is C, the capacitor voltage is always Vdc, and set the grid
voltage as follows

v

sa sin wt
Ve |= 2X V., x sin(wt—2m / 3) 2)
y sin(wt+ 27/ 3)

sC

STATCOM output phase voltage is:

Vea sin(wt—9)
vy |=KxV, x| sin(@t-6-21/3) (3)
y sin(@t —8+27 /3)

cc

K=Nxm, (N is cascade number, m is modulation ratio),
8 % is the phase difference between output voltage and the
grid voltage. Dq transforming formula (3):

v
ed :\/EKdeCX 0955 )
Veq 2 sind

Unbalanced capacitor voltage of each power unit is not
considered, so that the capacitor voltage of each power unit
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is the average of the capacitor voltage vdc(t), according to
energy conservation, we can get

%[3]\/ x%chc(t)z} =, (1) X g (1) + v, (1) X (1) 5

Change V. from formula (4) for vy (f), and take it into
formula (5)

M=ixﬁ[cosaxicd(r)+sin§><icq(t)]

Because ¢ is often small, and sind is almost 0, we can get
formula (7)

d t
Wd_c()—ix£><0055><icd(t)

dt - \/g NC (7)

STATCOM active current control is be able to stabilize
the overall DC voltage of devices. we can control the overall
balance through the PI controller for capacitor voltage, out-
put of PI controller is current loop’s active current icd and
command signal icd*. Operational control instructions be-
low:

E

icd = KpV(vc)ikc - Vdc) + KiV J-(V;c - vdc)d[

(8)
Kyv. Kivis PI adjustable parameter.

In fact, for cascaded STATCOM, the DC voltage control
loop can just control the DC side capacitor voltage, if we
want to achieve a DC capacitor voltage stable and balanced
of all three-phase power units, the need to join the inter-
phase balance and internal balance are necessary.

3.2. Inter-phase Balance Strategy Based on the Zero-
Sequence Voltage Injection

Inter-phase balance refers to that STATCOM voltage and
capacitor’ sum value or mean value of each phase’ the power
unit is equal. In literature [11], the three-phase cascaded H-
bridge inverter chain is equivalent to a three-phase single-
stage H-bridge unit, and the voltage balance of phases is
achieved by adjusting the amplitude of each phase’s modula-
tion wave (modulation ratio), to indirectly balance each ac-
tive power of phase inverter chain, so as to achieve the pur-
pose of equalizing phase. However, this approach is likely to
cause the three-phase output current imbalance, which make
the device be an three-phase unbalanced load for the grid,
causing serious pollution to the power grid.

Some literature propose the use of negative-sequence or
zero-sequence voltage injection to achieve phase equaliza-
tion [12, 13]. Injection of negative or zero sequence voltage
does not affect the overall system active power, but it can be
changed each phase’s absorbed active power. The literature
[12] pointed out that negative sequence voltage injection is
more effective than the zero-sequence voltage to produce the
same active power. However, the use of zero-sequence volt-
age injection method is not as polluting as negative sequence
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Fig. (2). Soft-start control process of STATCOM.
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Fig. (3). Phase diagrams of AC-side voltage of STATCOM.
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3.3. The Internal Phase Equalizing Strategy Based on
Improved Carrier phase PWM Modulation

STATCOM phase voltage sharing control objective is to
make the device internal capacitor voltage of each phase of
all power units to keep balance. Literature [14] proposed an
approach based on active voltage cascaded vector with inter-
nal voltage equalization strategy, the active voltage vector is
a unit vector parallel to the current direction, the same as the
current direction vector and devices when low voltage H-
bridge is cascaded, cascaded vector of H-bridge opposite
with the current direction of the device. This principle of the
method is simple, but each phase of each power unit DC
capacitor voltage is required for setting up a separate control-
ler, which is more complex, with difficult parameter tuning.
To omit balance the bridge DC capacitor voltage controller,
this paper proposes a method by modifying the modulation
strategy to directly implement equalizing internal phase.

Three-phase modulation waveform in Fig. (1) is in the fi-
nal three-phase voltage reference signal. To make the invert-
er output voltage reference signal to obtain the required

(h) P¥M Waveform of
Ho.3 Power Unit

compensation current, we also need the help of PWM modu-
lation technique. At present the main modulation techniques
commonly takes STATCOM carrier phase shifting, cascaded
carrier, comprehensively considering the factors of difficult,
output characteristic, this paper choose the cascaded carrier
PWM modulation.

When using the traditional same cascaded carrier direc-
tion PWM method, for an n-level inverter, it requires n-1
triangular carriers, so many number of carriers lead to hard-
ware design complexity. Therefore, this paper presents an
improved method carrier cascaded PWM, taking the absolute
value of the modulation wave treatment, which take the mi-
nus part of the modulation wave above the zero axis, so the
triangular carrier only need to take the upside of the axis to
reduce half number of carriers. In three cascaded inverters,
the improved methods are shown in Fig. (4).

In Fig. (4), the total modulated waves are waveforms of
the absolute value, expressed by a plus or minus sign bit. As
we can see from the figure, the cascaded carrier method is
equivalent to the total decomposition of the modulation
waveform into N modulated wave (after normalization, N for
the number of cascades), then assign it to each power unit by
a certain rule.
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Drawbacks of the PWM carrier approach is assigned dif-
ferent waveform to each H-bridge modulation, so that each
H-bridge switching frequency varies, each H-bridge DC ca-
pacitor charging and discharging time are also different, if no
measures are taken it is easy to make cascade H-bridge DC
capacitor becomes more serious imbalance, thereby endan-
gering the safe operation of the device. In order to eliminate
these shortcomings and take full advantage of this modula-
tion strategy, how to split and reasonably allocate the modu-
lation wave is the key. In fact, if handled properly, this link
is not a problem, and it can make the same with each H-
bridge DC capacitor voltage to achieve a phase equalizing
goal.

In view of the above the carrier PWM method, this paper
presents a real-time adjustment of DC side capacitor voltage
modulation wave distribution according to the rules, so as to
realize the inverter self energy balance phase equalizing
method. In a phase, for example, when the total modulation
wave vca* and a phase output current ica (the grid direction
is a positive direction) in the same direction, means a state of
charge relative to the whole, during such a state continues,
because the distribution of to the modulation waveform of
each power unit is different, so each power unit DC capaci-
tor charging time is inconsistent. When vca* and ica re-
versed, a phase as a whole in a discharged state, because
different modulation wave, each power unit DC capacitor
discharge time is also inconsistent. According to this law, we
can adjust the allocation order to achieve control of the mod-
ulation wave power units for each charge and discharge time,
making the DC capacitor voltage of each power unit is be-
coming balanced. Using this method, we need to continue to
detect the direct current power unit within the same phase
side capacitor voltage and means for outputting current, then
the capacitor voltage to sort, determine the power distribu-
tion unit in accordance with the modulation state of charge
and discharge voltage level and current capacitance wave
order. Assuming a period of time, the capacitor voltage se-
quencing has not changed, and the capacitance charging and
discharging state has not changed, during which time the

allocation rule of the modulation wave remains unchanged.
Allocation rules example modulated wave shown in Table 1
(still three cascaded STATCOM, for example), the table
vdcl, vdc2, vde3 is the voltage in the same phase 1 to the
3rd power unit DC side capacitor.

The steps of implementation are as below:

Stepl: Pre-process each phase modulated signal. Take
the toal signal as vex* (x=a, b, c) and do its absolute value
calculation vex*=abs(vex*), meanwhile retain the sign bit
signx, if vex* >0, then signx=1 ; vex*<=0, , then signx=0.

Step2: Calculating each phase DC capacitor charge and
discharge status flag plx. If signx=1, and the output device
current is icx>0 or signx=0, and if icx<0, it is in the charge
state, plx=1; otherwise, it is in discharge status, plx=0.

Step3: Sequencing DC capacitor voltage each phase’s
power unit (in an array vdcx[N]), prioritize the allocation of
the modulation signal according to Sequencing results. If
plx=1, it means charging, we should make the lower voltage
of the capacitor charging power unit occupy a long time and
in the allocation of the modulation wave we should make
lower capacitance voltage power unit occupy a higher priori-
ty, so after sequencing the capacitor voltages are from low to
high order, and we store the array vdcx[N] the number into
an array idx[N], for example, if vdcx[k] is minimum and
vdex[m] is maximum, then idx[0]=k, idx[N —1]=m. Con-
versely, if plx=0, press the capacitor voltage in descending
order, sequentially store array vdcx[N] into array idx[N], for
example, if vdex[k] is minimum, vdcx[m] is maximum, then
idx[0]=m, idx[N —1]=k.

Step4: In accordance with the priorities identified, de-
compose the modulation signal vex* into
pwmox*[idx[0]]~pwmox*[idx[N —1]], which are respective-
ly the modulation signal of each power unit. Fig. (5) shows a
flowchart of a modulation signal distribution. In Fig. (5),
temp0 and temp1 are two temporary variables.

StepS: According to assigned modulated signal, each
power do PWM output respectively.
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Fig. (5). Distribution of modulation signal.

By the above method, it can make the lowest voltage
power unit occupy the maximum charging time during the
capacitor charge, but during the capacitor discharge, the
highest voltage power unit has the longest discharge time,
which can make the DC voltage of each power unit become
unanimous. In this process, once capacitors charging and
discharging state change are detected, or capacitance voltage
sequencing change is detected, the order of the modulation
wave distribution will immediately change.

Finally, based on the use of this improved cascaded car-
rier PWM method, in order to make switching frequency
equalization in the power unit H-bridge’s IGBT, there are
also two-arm rotation as the direction arm strategy and the
chopping arm strategy to applying.

4. SIMULATION

In order to verify the effectiveness of the equalizing
strategy proposed in this article, we use matlab to build a
simulation model of STATCOM 6kV. Each phase consists
of eight cascade power units with star connection. Each
power unit DC capacitor is 3000uF, capacitor voltage refer-
ence value is 750V. In simulation, the load contains 100A
inductive reactive current. In order to verify the proposed
strategy equalizing effect when the load changes dynamical-
ly, in one second, set load reactive current to do step in-
censement from 100A to 200A. For comparison between the
control strategy based on improved carrier cascading and the
control strategy based on carrier phase shift modulated, the
two methods are simulated under the same simulation envi-
ronment,
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Fig. (6). DC-link voltages when using CPS-SPWM.

First, the carrier phase shift modulated is tested. Select
single polarity double frequency CPS-SPWM way, without
adding internal phase strategy equalizing, and do test under
same the three-phase parameters. The result of capacitor
voltage is shown in Fig. (6a). It is seen that the average of
the three-phase DC capacitor voltage are fluctuating around
reference 750V up and down, relatively balanced. But the A-
phase capacitor voltage of each power unit appears in the
imbalance, and after load becomes overload from light load,
imbalances have become even more serious. This shows that
although the carrier phase shift has advantages that each
power unit switching frequency is relatively balanced, but
pure carrier phase shift does not ensure that the capacitor
voltage of each power unit in the same phase are balanced,

therefore, we must add extra internal phase equalizing strate-
gy. Based on phase shift modulation of the carrier, we do
simulation again with equalizing strategy in [14], the capaci-
tor voltage is obtained as shown in Fig. (6b) in Fig. After
internal phase equalizing control, both for light load or over-
load, A phase of each power unit DC capacitor voltage
curves are essentially coincident, and fluctuate around the
reference values 750V up and down, indicating that the
STATCOM can achieve DC capacitor voltage equalizing
control with carrier phase shift modulation.

After testing the carrier phase shift modulation method,
change the modulation strategy into improved carrier cas-
cade PWM method proposed in this paper to do test. In order



DC Capacitor Voltage Control Strategy for the

Cascaded STATCOM The Open Automation and Control Systems Journal, 2014, Volume 6 1423

Average value of Three—phase DC side capacitor voltage

800 F *'.I‘lhll T "l'HHM"H'I' l||[ i }| H'I‘
el /A
ARE
Each power unit DC side capacitor voltage of 4 phase
e |LLP ih;ﬂ*, il HﬂUg‘g
bl
600 ;';
NO1 WOz~ NO3™ No4  NOS T NOG NOT NO8
0.5 o 1 1.5

(a) control without internal phase equalizing

Average value of Three-phase DC side capacitor voltage

800
Z
Voltage 700 -
600
Each power unit DC side capacitor Voltage of 4 phase
| TR
. e Mﬁlﬂl Wﬂimﬂﬂ xﬂlf i
= £ wi“h' i LR
i T A
& N
600 [
~ WOl T W02 T NO3T HO4 NO5 W06 NOT NO8
0.5 1 15
t/s

(b) Control with internal phase equalizing

Fig. (7). DC-link voltages when using improved carrier disposition PWM.

to verify that the effectiveness of the proposed approach in
the three-phase parameters are not exactly the same, when
testing, parallel different resistor side across the capacitor in
each phase of the st unit DC side, where A phase 1kQ, B
phase 5kQ, C phase A phase 10kQ, the other side of the DC
power unit is with ideal capacitor. During the test, set the
zero-sequence voltage to 0, which means that it does not add
inter phase equalizing, only using this article’s improved
PWM carrier cascade method. the DC capacitor voltage is in
Fig. (7a), it shows that the use of this improved carrier cas-
cade PWM will not cause the divergence in Fig. (6a), no
matter light load or heavy load, each capacitor voltage in
reference values are around 750V normal fluctuations up and
down, indicating improved PWM carrier cascade can
achieve a good internal phase equalizing goal. In Fig. (7a),

because it does not add phase equalization measures, alt-
hough the average of the three-phase DC capacitor voltage is
stable, there are differences in values and imbalance in the
three phases.

On the basis of improved carrier cascade PWM method,
after re-add zero phase sequence voltage injection method,
the DC capacitor voltage is shown Fig (7b). It can be seen
that after adding the equalizing strategy, the average of the
three-phase DC capacitor voltage are in normal fluctuations
around 750V, and three-phase DC voltage imbalance are
eliminated, the zero-sequence voltage injection method has
good equalizing effect.

Compare Fig. (7b) and Fig. (6b), it can also be seen that
although the use of the carrier cascade and the carrier phase



1424 The Open Automation and Control Systems Journal, 2014, Volume 6

Min et al.

SVOPILEN LS
BT EL B

Fig. (8). DC capacitor voltages.

shift can achieve better equalizing effect, but the DC capaci-
tor voltage waves are not quite the same. For the carrier
phase shift, each phase voltage waveform of each power cell
capacitance change are almost synchronous, therefore, the
waveform of the capacitor voltage of each power unit is al-
most entirely overlap. While using the carrier cascade, for
the realization of internal phase equalizing, it has to con-
stantly adjust the modulation wave allocation orderly, thus
each power unit DC capacitor discharge time in a certain
period may be not the same, so that waveform obtained from
each unit capacitor voltage are not the same. With this carrier
cascade method, each power unit in the same phase capacitor
voltage does not obtain minimum value at the same time
when using carrier phase shift, or has the maximum value,
therefore, when using the improved carrier cascade, phase
DC side capacitor voltage fluctuation range of the average
value is smaller than that of the carrier phase shift.

5. INDUSTRY APPLICATION

6 / 10kV STATCOM device using voltage strategy is de-
scribed in this article, which has been successfully put into
use. Such as dates Mining Group in Inner Mongolia Huang-
yu Chuan Jiang Mine and mine. STATCOM devices offers a
touch screen interface, and we can see refreshed power unit
DC side capacitor voltage, shown in Fig. (8). As can be seen
from Fig, STATCOM at runtime each power unit DC capaci-
tor voltage is substantially controlled in the vicinity of the
reference value (reference value is 720V), and the deviation
is relatively small, which shows the effectiveness of the DC
capacitor balance control strategies used in this paper.

-

2014-03-20 10:22:22 EH{[U

CONCLUSION

For normal operation cascaded H-bridge STATCOM, it
often has DC side capacitor voltage balance control prob-
lems, this paper proposes a hierarchical control method,
through the overall control, inter phase equalizing and inter-
nal phase equalizing three measures to balance the DC side
of the inner phase capacitor voltage, we can solve the
STATCOM DC side equalizing problems. For inter phase
equalization, we use zero-sequence voltage injection method,
which does not bring pollution as negative sequence voltage
injection method. For STATCOM with the use of the carrier
cascade method PWM, we will do real-time adjustment of
the modulation wave allocation rules according to DC capac-
itor voltage, and achieve energy balance of Inverter Bridge,
solving DC capacitor voltage phase problems. The internal
phase equalizing strategy does not require additional control-
lers, and there is no loss of control. Simulation and industrial
application prove the control strategy proposed in this paper,
which is simple and easy for industry to get a good DC side
equalizing effect with good prospects.
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