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Abstract—Cascaded static synchronous compensator (STATC- 

OM) is an effective solution for reactive power support in mid-
dle/high voltage conditions, and it has been widely employed to 
control reactive power in photovoltaic (PV) plants, wind farms, 
and industrial occasions. In this paper, reactive power control 
strategy of cascaded delta-connected STATCOM under asym-
metrical voltage conditions is investigated. A new phase current 
reference calculation method is proposed to support reactive 
power continually under abnormal voltage conditions considering 
cluster voltage balancing control and phase current limitation. 
Constrains between voltage and current phasors of STATCOM 
are deduced. Then, the analytical expressions of phase currents 
and circulating current references are solved. Therefore, reactive 
power support and the safe operation of STATCOM can be ob-
tained simultaneously by limiting the peak value of the phase 
current references. Furthermore, the reactive power support 
capability of cascaded STATCOM under asymmetrical voltage 
conditions is explored and compared by combining the proposed 
references calculation method with the three generalized current 
references calculation strategies. Finally, simulation and experi-
ment results have been given to verify the theoretical studies. 
 

Index Terms—Reactive power control; asymmetrical voltages; 
circulating current; phase current references; cascaded 
STATCOM 
  

I. INTRODUCTION 
With the development of power system and renewable en-

ergy sources, more and more nonlinear and unbalanced loads, 
photovoltaic plants and wind turbines are connected to the 
networks [1]-[3]. The increasing utilization of nonlinear loads 
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and renewable energy sources (RES) causes several power 
quality problems and brings new challenges to the ancillary 
services of grid  [4]-[5]. To deal with these problems, reactive 
power support is becoming more important and has received 
much attention due to its capability to control voltage, to im-
prove the reliability of grid, and to enhance the fault 
ride-through capability of RES especially under grid fault or 
abnormal conditions [6]-[8]. 

Various reactive power support devices have been proposed, 
such as: switched capacitor, static var compensator (SVC), 
STATCOM and so on [9]-[11]. Among them, STATCOM 
technology has been widely studied and developed due to its 
perfect and flexible performance. As in any three-phase grid 
connected system, STATCOM is also likely to face grid faults 
and asymmetrical voltages. There are many publications for the 
conventional two-level STATCOM with a common dc-link. 
The operation principle and reactive power control method 
have been illustrated exhaustively in [12]-[13]. With the recent 
researches on the reactive power control, it demands that 
STATCOM should provide reactive power continuously under 
the asymmetrical grid. In [14], a coordination support of posi-
tive and negative sequence reactive power was realized at a 
fix-speed induction generator type wind farm to enhance its 
fault ride-through capability and reduce torque oscillations. In 
[15], a cooperation control of reactive power was introduced to 
correct the deviation in positive sequence voltage and to at-
tenuate negative sequence voltage. To support reactive power 
continually and to guarantee the injected current is permanently 
within secure operation limits, different safe current injection 
strategies for STATCOM were proposed and discussed in [16]. 

Recently, cascaded H-bridge multilevel converters have 
been one of the most attractive topologies for STATCOM in 
middle and high voltage applications due to its advantages such 
as modularization structure, transformer-less and desirable 
output performance [17]-[19]. Three-phase STATCOM can be 
connected in two kinds of typical topologies: star-connected 
and delta-connected structures [20]. Both of them can regulate 
grid voltages and support positive and negative sequence reac-
tive power. The three phase clusters of delta-connected 
STATCOM are rated at line to line voltage of the connected 
grid, which compared to the star-connected structure, the rated 
current of the switching devices is lower. The study of this 
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paper will focus on delta-connected STATCOM. 
Several investigations have been carried out for del-

ta-connected STATCOM. In [21]-[23], reactive power and 
unbalanced load compensation were illustrated in detail. 
Voltage balancing control and performance optimization were 
discussed in [24]-[27]. Two compensation modes of del-
ta-connected STATCOM were discussed in [28], and an indi-
vidual phase instantaneous current control method was pro-
posed to simplify the compensation method. Circulating cur-
rent is treated as an extra control freedom of delta-connected 
STATCOM to transport active powers among three clusters in 
[29], and a hierarchical voltage control strategy, which includes 
three cascaded loops, was proposed to regulate capacitor volt-
ages. In this strategy, three proportional and integral (PI) con-
trollers were employed in cluster balancing control loop to 
synthesize the circulating current reference. STATCOM was 
utilized to rebalance the unbalanced voltage in [30], while this 
paper mainly focused on the phase cluster power balancing 
control. Most studies, however, focused on the unbalanced load 
compensation and dc-link voltage balancing control. The neg-
ative sequence injection capability of cascaded STATCOM 
was investigated deeply in [31]. The impact of STATCOM on 
the integration of a large wind farm into weak power system 
was analyzed in [32]. This research revealed that the grid-side 
voltage fluctuation caused by uncontrolled resources could be 
suppressed effectively with reactive power. However, little 
attention has been paid to the reactive power control of del-
ta-connected STATCOM under asymmetrical voltage condi-
tions. Furthermore, the growing development of RES has led to 
a change in the requirements of reactive power support services 
[33]. STATCOM is demanded to support reactive power con-
tinuously during asymmetrical grid faults in order to control 
grid voltages and to enhance fault ride-through capability of 
RES [34]-[35]. In addition, delta-connected STATCOM ex-
hibited several characteristics compared to conventional 
two-level converters, and the reactive power control strategies 
proposed in [14]-[16] are not suitable in this case. Especially, 
the float dc-link capacitor of each module instead of a common 
capacitor demanded inner-triangular circulating current to 
preserve the balancing of capacitor voltages, which will in-
crease the complexity of control method and reduce the reactive 
power support capacity of STATCOM. Therefore, it is im-
portant to investigate the reactive power control method and 
reactive power support capability of the delta-connected 
STATCOM under asymmetrical voltage conditions, so as to 
meet these requirements. 

The reactive power control strategy of delta-connected 
STATCOM under asymmetrical conditions is investigated in 
this paper. A new reactive current reference calculation method 
is presented for delta-connected STATCOM to deliver reactive 
power and to guarantee dc-link voltage balance and phase 
current within the secure operation limits. Furthermore, the 
reactive power support capability of cascaded delta-connected 
STATCOM under abnormal conditions is explored and com-
pared by combining the proposed references calculation 
method with three generalized current references calculation 
strategies for conventional two-level converter, namely, active 

power oscillation elimination (APOE), reactive power oscilla-
tion elimination (RPOE) and balanced positive sequence cur-
rent injection (BPSC). 

This paper is organized as follows. Circulating current and 
phase currents under asymmetrical conditions are solved in 
Section II. The reactive current reference calculation method is 
proposed in Section III. Reactive power support capability of 
STATCOM is investigated with the three generalized current 
references calculation methods considering peak phase current 
limitation in Section IV. Simulation and experiment results are 
presented to validate the proposed method in Section V. Fi-
nally, conclusions are drawn in Section VI. 

II. CIRCULATING CURRENT OF DELTA-CONNECTED 
STATCOM 

Delta-connected STATCOM is depicted in Fig. 1; i0 is the 
circulating current, ia, ib, ic are line currents and iab, ibc, ica are 
phase currents of STATCOM. Zg is the grid impedance, vga, vgb, 
vgc and va, vb, vc are voltages of grid side and point of common 
coupling (PCC), STATCOM is connected to PCC directly.  

 
Fig. 1.  Schematic configuration of delta-connected STATCOM.  

Under asymmetrical voltage conditions, the instantaneous 
phase voltages at the PCC in Fig. 1 can be expressed as 

 

sin( ) sin( )
sin( 2 / 3) sin( 2 / 3)
sin( 2 / 3) sin( 2 / 3)

a

b

c

v V t V t
v V t V t
v V t V t

ω ω θ
ω π ω θ π
ω π ω θ π

+ −

+ −

+ −

 = + +


= − + + +
 = + + + −        

 (1) 

Where V+ is the amplitude of positive sequence voltage, V- 
and θ are the amplitude and phase angle of negative sequence 
voltage. Applying the dq transformation into (1), the positive 
and negative sequence voltages at the PCC can be expressed as 

 
,dq d q dq d qv v jv v v jv+ + + − − −= + = +   (2) 

Where vdq
+ is the dq components of positive sequence voltage 

and vdq
- is the dq components of negative sequence voltage. 

Similarly, the positive and negative sequence currents of line 
currents in Fig.1 can be expressed as 
 ,dq d q dq d qi i ji i i ji+ + + − − −= + = +   (3) 

Where, idq
+ and idq

- are the dq components of positive and 
negative sequence currents. For delta-connected STATCOM, 
the relationship between line currents and phase currents are 
expressed as 

 
0

0

0

1 / 3 1 / 3 0
0 1 / 3 1 / 3

1 / 3 0 1 / 3

ab a

bc b

ca c

i i i
i i i
i i i

−      
      = − +      
      −      

  (4) 
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Fig. 2 Phasor diagram of delta-connected STATCOM. 

From (4), it can be known that the phase currents are not only 
determined by line currents but also the circulating current, 
which is the main difference between delta-connected cascaded 
and conventional two-level STATCOM. 

 Unlike the converter with a common dc-link, the dc-link 
capacitors of cascaded STATCOM are separated and isolated. 
The dc active power components of three clusters produced by 
line voltages and phase currents are always unbalanced when 
STATCOM operates under unbalanced conditions. Circulating 
current can be employed to redistribute the unbalanced active 
powers. Phasor analysis is employed in this paper to solve the 
phase currents and circulating current. Fig.2 shows phasors 
diagram of delta-connected STATCOM. 

In Fig. 2, vab, vbc, vca are the unbalanced line voltage phasors, 
ia, ib, ic are the line current phasors, which contain positive and 
negative sequence reactive components. As shown in Fig. 2, 
since phasors iab1, ibc1, ica1 and line voltage phasors vab, vbc, vca 
are non-orthogonal, it would lead to that clusters of STATCOM 
absorb or release active power continuously, as a result, the 
dc-link voltages diverged. Circulating current could be intro-
duced to rebalance the voltages. According to (4), after adding 
the circulating current to three phase currents, phase current 
phasors iab, ibc, ica become orthogonal to the line voltage phas-
ors vab, vbc, vca respectively as shown in Fig. 2. 
 , ,ab ab bc bc ca ca⊥ ⊥ ⊥i v i v i v   (5) 

Setting circulating current phasor i0 is  

 0 x jy= +i  (6) 
If the synchronous signal is determined such that vq

+=0 using 
a phase locked loop [30]. Based on (1) and (2), line voltage 
phasors can be expressed as  

 

3 (( 3 3 ) ( 3 ))
2
3( ( ))

3 (( 3 3 ) ( 3 ))
2

ab d d q d d q

bc q d d

ca q d d d d q

v v v j v v v

v j v v

v v v j v v v

+ − − + − −

− + −

− + − + − −


= + + + − +

 = − + − +

 = − − + − −


v

v

v

 

(7) 

Combining (2), (4) and (6), phase current phasors iab, ibc, ica 
are calculated as follows  

 

( ) ( )
2 2 22 3 2 3 2 3

3 3 3
( ) ( )

3 3 3

( ) ( )
2 2 22 3 2 3 2 3

q q q qd d
ab

q q d
bc

q q q qd d
ca

i i i ii ix j y

i i ix j y

i i i ii ix j y

+ − + −− −

+ − −

+ − + −− −


= − + + + + + −



 = + − + +



= − + − + − − −


i

i

i

 (8) 

Combining (5), (7) and (8), there are  

 

( 3 3 ) 3 0

3 3 ( ) 0
d d q q d q d

q d d q q d d

x v v yv i v i v

v x y v v i v i v

+ − − + − − +

− − + + − − +

 + + − + =


− + − − − =
  (9) 

Therefore, the expression of circulating current phasor i0 can 
be obtained as follows  

0

( ) ( )

3( )

( ) ( )

3( )

q d d d d q q d q d d d q d

d d d d q q

q d q d q d q d d d d d q q
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j
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+ − − − + − − + − + − + − −

− − + + − −

+ − − − − + − + − + − + − −

− − + + − −

− − + − −
= +

− +

+ + + + −

− +

i

 

 (10) 

III. CURRENT REFERENCES AND REACTIVE POWER CONTROL 
OF STATCOM UNDER UNBALANCED CONDITIONS 

A. Phase currents and circulating current references 
From the basic power theory, the instantaneous active and 

reactive power under asymmetrical voltage conditions can be 
calculated as follows [37].  

 

0 c2 s2

0 c2 s2

cos(2 ) sin(2 )
cos(2 ) sin(2 )

p P P t P t
q Q Q t Q t

ω ω
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  (11) 
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−

  (12) 

Where P0 and Q0 are the average values of the instantaneous 
active and reactive power, Pc2, Ps2, Qc2, Qs2 are the magnitudes 
of the oscillating terms. Comparing to the reactive power, the 
average active power P0 is small and can be neglected since it is 
only utilized to compensate power losses. While, the reactive 
power Q0 is always controlled to the reactive power reference. 
Then, the two resting degrees of freedom can be utilized to 
cancel either the active power oscillation or the reactive power 
oscillation [38]. Therefore, the line current references can be 
calculated according to the control target with (12). 

In order to eliminate the active power oscillating terms in 
(12), the last two rows can be neglected since the respective 
reactive power ones are uncontrolled. The average P0 and Q0 
are set to zero and Q*, and the target active power oscillating 
magnitudes are set to zero Pc2=Ps2=0, then 
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*
*

2 2

* *
* *

2 2 2 2

2
3(( ) ( ) )

2 2
,

3(( ) ( ) ) 3(( ) ( ) )

d
q

q d
d q

v Qi
V V

v Q v Qi i
V V V V

+
+

+ −

− −
− −

+ − + −

 −
= +


− = = + +

 
 (13) 

To remove the reactive power oscillating terms in (12), the 
target reactive power oscillating magnitudes are set to zero 
Qc2=Qs2=0, while the middle two rows are neglected as the 
active power ones are uncontrolled.  

The average P0 and Q0 are also set to zero and Q*, as a result, 
the line current references in dq frame are obtained as 

 

*
*

2 2

* *
* *

2 2 2 2

2
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 (14) 

In the case of balanced positive sequence current injection, 
the negative sequence current references are forced to zero i-* 

d = 
i-* 

q =0, and both the active and reactive power oscillations are 
uncontrolled.  

The line current references are calculated as 

 

*
*

2

* *

2
3( )
0, 0

d
q

d q

v Qi
V

i i

+
+

+

− −

 −
=


 = =

 

 (15) 

Based on (13) to (15), the line current references of 
STATCOM in these three cases can be combined as follows  

*
*

2 2

* *
* *

2 2 2 2

2
3(( ) ( ) )

2 2
,
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d
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+
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 −
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− = = + +

 (16) 

Where, K is 1, -1 and 0 for the three cases of APOE, RPOE 
and BPSC respectively.  

Inserting (16) into (10) and combining with (1) and (2), the 
expression of circulating current reference can be modified as 

 

*
*
0 0 02

( )
3 3 (1 )

Q x jy
V Kn+

= +
+

i

 

 (17) 

Where 

 

2 2
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n
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n
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θ θ θ
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 (18) 

And n=V-/V+ is the voltage unbalance factor, which indicates 
the imbalance amount of power system. According to (17) and 
(18), it is interesting to find that circulating current reference 
will become zero when K is -1 in the case of RPOE, while the 
amplitude of circulating current reference has the largest value 
when K is 1 in the case of APOE. 

 Developing (8), (16) and (17), phase current references can 
be calculated as 
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  (19) 

Where 
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  (20) 

Generally, the maximum reactive power supplied by 
STATCOM will decrease under asymmetrical voltage condi-
tions. Furthermore, circulating current is required for del-
ta-connected STATCOM to guarantee capacitor balance, which 
would increase the required current rating and in turn limit the 
operational range of the compensator. As a result, the maxi-
mum reactive power rating is determined by the maximum 
value of the phase current amplitudes. 

Based on (19) and (20), the amplitudes of phase currents |iab|, 
|ibc| and |ica| can be obtained respectively. In fact, to calculate 
the peak current, only the maximum value of the three current 
amplitudes should be considered 

 { }max max , ,ab bc caI i i i=
 

(21) 

And it can be obtained as follows 

{ }
*

2 2 2 2 2 2
max 2

max , ,
3 3 (1 ) ab ab bc bc ca ca

QI x y x y x y
V Kn+

= + + +
+

 

(22) 

Note that the harmonics of voltages and currents will have 
effect on the proposed control method. Assuming that kth 
harmonic exists in the currents of STATCOM, the harmonic 
will change the maximum value of the three phase current 
amplitudes calculated according to (22). Furthermore, if kth 
harmonic exists in the voltages, and the kth harmonics of 
voltages and currents are symmetrical, additional active current 
components should be introduced in the phase currents in order 
to keep the total active power balanced; if the kth harmonics of 
voltages and currents are asymmetrical, the instantaneous dc 
active power produced by kth harmonic voltage and current of 
three branches are unbalanced, additional circulating current 
should be employed to distribute the unbalanced active power. 
Both additional active current components and circulating 
current will change the maximum value of the three phase 
current amplitudes. Fortunately, the amplitude of harmonic is 
small compared with the fundamental voltage and current in 
reactive power support occasion, then, the effect caused by 
harmonic on the proposed control method is small. 

B. Control of STATCOM 
Circulating current is employed to keep capacitor voltages  
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Fig. 3. Diagram of reactive power control strategy with peak current limitation for delta-connected STATCOM 

balanced for delta-connected STATCOM under asymmetrical 
conditions. However, phase currents are no more symmetrical 
and the maximum reactive power rating is determined by the 
maximum value of the phase current amplitudes. Therefore, in 
order to supply reactive power continually and to guarantee a 
safe operation, a peak current limitation method is quite nec-
essary for STATCOM. Based on the current references calcu-
lated in (19), a reactive power control strategy with peak cur-
rent limitation is presented for delta-connected STATCOM as 
described in Fig. 3. 

Three parts are included in this control strategy: phase cur-
rent references calculation, individual-balancing control, volt-
age and current control. The inputs of phase current references 
calculation are the measured phase voltages va, vb and vc at 
PCC, the reactive power reference Q* and K, and the rated 
phase current Irated of STATCOM. Voltage detector based on 
second-order generalized integrator (SOGI) proposed in [36] is 
an effective voltage sequence detection method, and it is em-
ployed in this paper to detect the grid voltage signals vd

+, vq
+, 

vd
-, vq

-, and the synchronization signal ωt. Q* is the reactive 
power reference for STATCOM, which can be computed ac-
cording to the voltage control method described in [14] and 
[15]. According to (18)-(22), the amplitudes of phase current 
references can be calculated; therefore, the maximum value can 
be obtained based on (22). Generally, the rated current Irated of 
STATCOM is a constant, which is determined by circuit ele-
ments. If the maximum value of phase current amplitudes is 
larger than the rated current Imax > Irated, peak current limitation 
will be activated to protect STATCOM from over-current. 
After limited, the peak value of phase current amplitude is 
reduced and is equal to the rated value. Defining M is a factor to 

limit peak current, and M is equal to 1 when Imax ≤ Irated, while M 
is equal to Irated / Imax when Imax ≤ Irated. In this way, the current 
references shown in (16) can be rewritten as (23) 

 
* * * * * *, ,q q d d q qi Mi i Mi i Mi+ + − − − −= = =   (23) 

Comparing (16) with (23), line current reference is reduced 
when the peak current limitation is activated, therefore the 
reactive power reference is also reduced. Combining (19), (20) 
and (23), the references of phase current can be calculated as 

 

*
*

*

*

sin
cos3 3 (1 )

ab ab ab

bc bc bc2

ca ca ca

i x y
tMQi x y
tV Kni x y

ω
ω+

   
    =     +       

  (24) 

Comparing (19) with (24), it can be concluded that the phase 
current reference will be reduced if the maximum value of 
phase current is large than the rated value. It is worth men-
tioning that circulating current reference shown in (17) is in-
volved in the phase current reference and it can be calculated 
directly with the instantaneous voltage and control signals to 
rebalance the unbalanced active power of each cluster. 

With the current references solved in (24), the voltage and 
current control of delta-connected STATCOM is presented in 
Fig. 3. To keep the average dc-link voltage of each cluster 
steady, PI controller is adopted. The error between the refer-
ence vd

* and the average voltage vavex of each cluster is regarded 
as the input of the PI controller, and the output will multiply by 
the synchronous signal of each line voltage [sin(ωt 
+π/6+2nπ/3) with n=0,1,2.] to adjust the active component of 
each phase current. After adding the active power components 
with the phase current references solved in (24), the final phase 
current references are obtained. In order to enhance the re-

http://www.microgrids.et.aau.dk/


www.microgrids.et.aau.dk                                                                                                                                                                   6 

sponse  

 

 

 
Fig.  4. Relationship among the maximum current amplitude, unbalanced factor 
and the phase angle of negative sequence voltage. (a) APOE, (b) RPOE and (c) 
BPSC. 

performance, the deadbeat controller is adopted for the current 
inner-loop; vrab, vrbc and vrca are the modulation signals for the 
three clusters. Individual balancing control is utilized to regu-
late capacitor voltage of each H-bridge module in each cluster, 
and a P controller is used in this control loop. vrxy is the modu-
lation signal of each H-bridge module. Carrier-phase-shifted 
PWM (CPS-PWM) is also used in this paper. Detailed de-
scriptions of individual balancing control and CPS-PWM are 
shown in [25] and [28] respectively. 

IV. REACTIVE POWER SUPPORT CAPABILITY OF STATCOM 
UNDER ASYMMETRICAL CONDITIONS 

As shown in Fig. 3, STATCOM could supply reactive power 
flexibly according to the three generalized current references 
calculation methods with K=1 for APOE, K=-1 for RPOE and 
K=0 for BPSC. Since the maximum reactive power decreased 
under asymmetrical voltage conditions, the three methods 
APOE, RPOE and BPSC are analyzed and compared taking 

peak current limitation into account to investigate the reactive  

 

 
Fig.  5.  Relationship among the reactive power rating, unbalanced factor and 
the phase angle of negative sequence voltage for the three cases: APOE, RPOE 
and BPSC. (a) reactive power rating of STATCOM when n is 0.08 and 0.16, (b) 
reactive power rating as a function of the unbalanced factor 

power support capability of STATCOM. In the analysis, the 
maximum current value shown in Fig.4 is calculated according 
to (20) and (22), and phase current references are calculated 
from (24) to limit the maximum current value.  

From (20) and (22), it is possible to conclude that the 
maximum current amplitude is sensitive to the voltage unbal-
ance factor n and negative sequence voltage phase angle θ. The 
relationship between maximum current amplitude, voltage 
unbalance factor n and phase angle θ for the three methods are 
as shown in Fig.4, in which Ipu=Q*/3 3 V+ is equal to 1 pu. 
Note that the level of unbalance factor is limited to 0.2 for 
clarity of the figure. As shown, the worst incidents (i.e., highest 
demand of the phase current rating) occur when θ is 0, 2π/3 and 
4π/3 for the cases of APOE and BPSC, and π/3, π and 5π/3 for 
case of RPOE; on the contrary, the lowest demands occur when 
θ is π/3, π and 5π/3 for APOE and BPSC, and 0, 2π/3 and 4π/3 
for RPOE. From Fig. 4, it is known that APOE has the largest 
peak current value. Conversely, APOE could provide the least 
reactive power when the peak phase current is limited to Ipu. 
Fig. 5(a) shows the reactive power rating of STATCOM when n 
is 0.08 and 0.16; BPSC could provide more reactive power; 
while, RPOE is approximately equal to BPSC when n is 0.08, it 
is worth mentioning that reactive power rating is also related to 
θ. Fig. 5(b) shows the reactive power rating as a function of the 
unbalanced factor considering the worst cases, it is possible to 
observe that BPSC and RPOE show superior reactive power 
support performance than APOE when phase current amplitude 
is limited to the secure value. 

As shown in Fig.4 and Fig.5, three methods are analyzed and 
compared taking peak current limitation into account. The 
results show that the reactive power rating is related to the 
voltage unbalance factor n and phase angle θ of negative se-
quence voltage. Under asymmetrical voltage conditions, BPSC 
and RPOE have superior reactive power support capacity than 
APOE. While, RPOE is similar to BPSC and all depend on θ. 
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V. SIMULATION AND EXPERIMENTAL RESULTS  
To evaluate the proposed reactive power control strategy and 

investigate the impact of unbalanced voltage on reactive power 
support capability, a delta-connected STATCOM is simulated 
for a typical photovoltaic plant shown in Fig. 6; STATCOM is 
connected to 10kV grid directly. Parameters of simulation were 
listed in Table I. 

 
Fig.  6.  Electrical scheme of photovoltaic plants 

 
Before the grid fault, STATCOM injects 10Mvar reactive 

power into the balanced grid. To test the effectiveness of the 
control strategy, 50% voltage amplitude drop is occurred at the 
high-voltage bus of A-phase at 0.2 s, and the grid voltage is 
back to be balanced at 0.4s. STATCOM provides reactive 
power continually during the grid fault and peak current limi-
tation is activated to protect STATCOM without over-passing 
the rated current Irated. The simulation results are shown in Fig. 

7. The three cases of APOE, RPOE and BPSC were simulated, 
and shown in the left, middle and right columns of Fig. 7 re-
spectively. Comparison of the three cases is shown in Table II. 
The average reactive power supported by STATCOM for the 
three cases are 0.57pu, 0.79pu and 0.77pu respectively. With 
reactive power support, line voltages are raised as shown in 
Table II. 

Fig. 7(a) shows the voltages of PCC, since unbalanced grid 
fault occurred, the voltages become asymmetrical, the THD of 
voltage is 0.8%. The instantaneous active power and reactive 
power of STATCOM are shown in Fig. 7(b), it can be seen that 
the active power oscillation is eliminated during the grid fault 
in Fig. 7(b) left for APOE, and the reactive power oscillation is 
eliminated in Fig. 7(b) middle for RPOE, while both active and 
reactive power have oscillations in Fig. 7(b) right for BPSC. As 
shown in Table II, RPOE and BPSC supply more average re-
active power than APOE; therefore, the amplitude of line 
voltage is raised higher. It is worth mentioning that the more 
reactive power STATCOM supplied the higher voltage can be 
raised, while this paper mainly focused on the operation of 
STATCOM instead of grid voltage regulation. 

Fig. 7(c) shows the line currents of STATCOM, line currents 
are balanced for BPSC as shown in Fig. 7(c) right, while the 
others are unbalanced. Note that the STATCOM operated in the 
safe area all the time. When the maximum value of phase cur-
rent is larger than the rated current, peak current limitation is 
activated to protect STATCOM from over-current as shown in 
Fig. 7(d). The THDs of line currents and phase currents are 
shown in Table II for the three cases. Fig. 7(e) shows the av-
erage capacitor voltages of each cluster. Circulating current 
reference and circulating current are shown in Fig. 7(f). As the 
circulating current reference is included in phase current ref-
erence, the capacitor voltages of three clusters are kept bal-
anced during the dynamic process. 

In order to verify the effectiveness of the proposed strategy, a 
low voltage experimental prototype of five-level cascaded 
delta-connected STATCOM was developed. Asymmetrical 
voltage is made by a 1.1 Ω resistor connected in A-phase and a 
30kW three-phase resistance load in this test. In this condition, 
the voltage unbalanced degree is 8% and THDs of voltage are  

TABLE II 
COMPARISON OF THREE CURRENT REFERENCE CALCULATION METHODS 

Items APOE RPOE BPSC Q*=0 

Active power p No Oscillation Oscillation Oscillation / 

Reactive power q Oscillation No Oscillation Oscillation / 

Line currents Unbalanced Unbalanced Balanced / 

Average reactive power Q 0.57pu 0.79pu 0.77pu 0pu 

Maximum line voltage 0.94pu 0.97pu 0.96pu 0.92pu 

Minimum line voltage 0.68pu 0.72pu 0.71pu 0.65pu 

THD of ia, ib, ic (%) 0.59, 0.61, 0.83 0.67, 0.63, 0.53 0.67, 0.68, 0.66 / 

THD of iab, ibc, ica (%) 0.85, 1.03, 1.08 0.81, 0.93, 1.08 0.84, 0.95, 1.01 / 

 

TABLE I 
MAIN PARAMETERS OF SYSTEM 

Parameter Simulation  Experiment 

The grid line voltage 110 kV 0.38 kV 

Rated voltage of STATCOM 10 kV, 1 pu 0.38 kV 

Rated capacity of STATCOM 10 Mvar, 1 pu 24 kvar 

Rated Current Irated  472 A 30 A 

Cascaded number 10 2 

Arm inductance (L) 20 mH 1 mH 

SM capacitor (C) 5 mF 5 mF 

Carrier frequency (fs) 200 Hz 5000 Hz 
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Fig. 7. Simulation results of delta-connected STATCOM. Left: APOE. Middle: RPOE. Right: BPSC. (a) Grid voltages. (b) Active and reactive power. (c) Line 
currents of STATCOM. (d) Phase currents of STATCOM with peak current limitation. (e) Average capacitor voltages of each cluster. (f) Circulating current. 

1.1%, 0.9% and 0.9% for three phases respectively. Parameters 
of the experiment system are also listed in Table I. The main 
circuit and controller of the prototype are shown in Fig.8.Two 
core controllers DSP-TMS320F2812 and FPGA-EP2C8 are 
utilized in the main board to execute the control algorithm. 

Experimental results of the system are shown in Fig. 9. Re-
active power reference is set as 24.2kvar in this experiment. 

The three cases of APOE, RPOE and BPSC were shown in the 
left, middle and right columns of Fig. 9 respectively. Fig. 9(a) 
shows the unbalanced phase voltage in the tests. Instantaneous 
active and reactive power of the three cases are shown in Fig. 
9(b), active power oscillation is eliminated in Fig. 9(b) left, and 
reactive power oscillation is eliminated in Fig. 9(b) middle; the 
average reactive power that STATCOM supplied in the three 
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cases of APOE, RPOE and BPSC are measured as: 18.3kvar, 
20.8kvar and 20.3kvar respectively. The experimental results 
show that RPOE and BPSC supply more average reactive 
power than APOE, which agrees with the analysis shown in 
Fig. 5(a).  Fig. 9(c) shows line currents of STATCOM, line 
currents are balanced in the case of BPSC as shown in Fig. 9(c) 
right, and the others are also unbalanced. As shown in Fig. 9(c) 
left, ia has largest amplitude then its THD value is the lowest, 
THDs of line currents ia, ib and ic are 4.6%, 4.8% and 4.9% for 
APOE. In Fig. 9(c) middle, ic has largest amplitude and THDs 
of ia, ib and ic are 4.9%, 4.7% and 4.5% for RPOE. Line currents 
are balanced for BPSC in Fig. 9(c) right, and the THDs are 
4.6%,  

 
Fig. 8. The experimental prototype of delta-connected STATCOM 

4.6% and 4.7% respectively. Note that the amplitudes of phase 
current in the three cases are limited to the rated value when the 
maximum value of phase current is larger than this value as

 
Fig. 9. Experiment results of delta-connected STATCOM. (a) Grid voltages. (b) Active and reactive power. (c) Line currents of STATCOM. (d) Phase currents of 
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STATCOM with peak current limitation. (e) H-bridge module capacitor voltages of each cluster. 

 
Fig. 10. Dynamic experiment results of delta-connected STATCOM. (a) Grid voltages. (b) Active and reactive power. (c) Line currents of STATCOM. (d) Phase 
currents of STATCOM with peak current limitation. (e) H-bridge module capacitor voltages of each cluster. 

shown in Fig. 9(d), which is very important for the safe opera-
tion of STATCOM. THDs of phase currents iab, ibc and ica are 
5.2%, 6.1% and 5.7% for APOE, 6.0%, 5.3% and 5.6% for 
RPOE, 5.2%, 5.9% and 5.7% for BPSC. Compared Fig. 9(d) 
with Fig. 9(c), line currents have larger amplitudes in the same 
case, then THDs of line currents are lower than these of phase 
currents. Fig. 9(e) shows capacitor voltage of one H-bridge 
module in each cluster, good voltage balance is obtained. 

Dynamic experiment results of the system are shown in Fig. 
10. The three cases of APOE, RPOE and BPSC were shown in 

the left, middle and right columns of Fig. 10 respectively. 
During the dynamic process, the 1.1 Ω resistor connected in 
A-phase is bypassed and the grid voltages are back to be bal-
anced as shown in Fig. 10(a). The performance of STATCOM 
responding to this dynamic is shown in Fig. 10(b)-(e). The 
system response is very fast, minor active and reactive power 
fluctuations occurred and they return normal quickly as shown 
in Fig. 10(b). Oscillations of active and reactive power are 
eliminated and reactive power is equal to its references without 
current limitation when voltages were back to be balanced. Fig. 
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10(c) and (d) show line currents and phase currents, both of 
them become balanced. The capacitor voltages are shown in 
Fig. 10(e), the voltage is controlled to be steady soon after a 
small voltage step. 

VI. CONCLUSIONS 
Reactive power support strategy and capability of cascaded 

delta-connected STATCOM under asymmetrical voltage con-
ditions are investigated in this paper. Firstly, phase currents and 
circulating current are solved by analyzing the unbalanced 
voltages and currents phasors, and then a reactive power sup-
port strategy with maximum phase current amplitude limitation 
is proposed for delta-connected STATCOM. With the proposed 
method, STATCOM could not only support reactive power 
continuously but also keep a safe operation all the time, which 
is important for STATCOM especially under asymmetrical grid 
fault conditions. Secondly, reactive power support capability of 
cascaded STATCOM under asymmetrical conditions is inves-
tigated based on the proposed method, and the results show that 
BPSC and RPOE have superior reactive power support capac-
ity than APOE for delta-connected STATCOM under abnormal 
voltage conditions. Simulation and experiments have been 
provided to verify the investigations. Since RES could also 
support reactive power, the future work will focus on the co-
ordinated reactive power control strategy of RES and 
STATCOM under the abnormal grid. 
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