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Abstract—This paper presents a transformerless static 

synchronous compensator (STATCOM) system based on 
multilevel H-bridge converter with star configuration. This 
proposed control methods devote themselves not only to the 
current loop control but also to the dc capacitor voltage control. 
With regards to the current loop control, a nonlinear controller 
based on the passivity-based control (PBC) theory is used in this 
cascaded structure STATCOM for the first time. As to the dc 
capacitor voltage control, overall voltage control is realized by 
adopting proportional resonant (PR) controller. Clustered 
balancing control is obtained by using active disturbances 
rejection controller (ADRC). Individual balancing control is 
achieved by shifting the modulation wave vertically which can be 
easily implemented in FPGA. Two actual H-bridge cascaded 
STATCOMs rated at 10 kV 2 MVA are constructed and a series 
of verification tests are executed. The experimental results prove 
that H-bridge cascaded STATCOM with the proposed control 
methods has excellent dynamic performance and strong 
robustness. The dc capacitor voltage can be maintained at the 
given value effectively. 

 
Index Terms—H-bridge cascaded, static synchronous 

compensator, passivity-based control, proportional resonant 
controller, active disturbances rejection controller, shifting 
modulation wave. 

I. INTRODUCTION 
LEXIBLE ac transmission systems (FACTS) are being 
increasingly used in power system to enhance the system 

utilization, power transfer capacity as well as the power quality 
of ac system interconnections [1], [2]. As a typical shunt 
FACTS device, STATCOM is utilized at the point of common 
connection (PCC) to absorb or inject the required reactive 
power, through which the voltage quality of PCC is improved 
[3]. In recent years, many topologies have been applied to the 
STATCOM. Among these different types of topology, 
H-bridge cascaded STATCOM has been widely accepted in 
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high power applications for the following advantages: quick 
response speed, small volume, high efficiency, minimal 
interaction with the supply grid and its individual phase control 
ability [4]-[7]. Compared with diode-clamped converter or 
flying capacitor converter, H-bridge cascaded STATCOM can 
obtain a high number of levels more easily and can be 
connected to the grid directly without the bulky transformer. 
This enables us to reduce cost and improve performance of 
H-bridge cascaded STATCOM [8]. 

There are two technical challenges exist in H-bridge 
cascaded STATCOM to date. Firstly, the control method for the 
current loop is an important factor influencing the 
compensation performance. However, many non-ideal factors, 
such as the limited bandwidth of the output current loop, the 
time delay induced by the signal detecting circuit and the 
reference command current generation process, will deteriorate 
the compensation effect. Secondly, H-bridge cascaded 
STATCOM is a complicated system with many H-bridge cells 
in each phase, so the dc capacitor voltage imbalance issue 
which caused by different active power losses among the cells, 
different switching patterns for different cells, parameter 
variations of active and passive components inside cells will 
influence the reliability of the system and even lead to the 
collapse of the system. Hence, lots of researches have focused 
on seeking the solutions to these problems. 

In terms of current loop control, the majority of approaches 
involve traditional linear control method, in which the 
nonlinear equations of the STATCOM model are linearized 
with a specific equilibrium. The most widely used linear 
control schemes are PI controllers [9], [10]. In [9], to regulate 
reactive power, only a simple PI controller is carried out. In 
[10], through decoupled control strategy, the PI controller is 
employed in synchronous d-q frame. However, it is hard to find 
the suitable parameters for designing PI controller and the 
performance of PI controller might degrade with the external 
disturbance. Thus, a number of intelligent methods have been 
proposed to adapt the PI controller gains such as particle swarm 
optimization [11], neural networks [12], and artificial immunity 
[13]. In literature [14], [15], adaptive control and linear robust 
control have been reported for their anti-external disturbance 
ability. In literature [16], [17], a popular dead-beat current 
controller is used. This control method has the high bandwidth 
and the fast reference current tracking speed. The steady state 
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performance of H-bridge cascaded STATCOM is improved, 
but the dynamic performance is not improved. In [18], a dc 
injection elimination method called IDCF is proposed to build 
an extra feedback loop for the dc component of the output 
current. It can improve the output current qulity of STATCOM. 
However, the circuit configuration of the cascaded STATCOM 
is the delta configuration, but not the star configuration. 
Moreover, an adaptive theory-based improved linear sinusoidal 
tracer control method is proposed in [19] and a leaky least mean 
square-based control method is proposed in [20]. But these 
methods are not for STATCOM with the cascaded structure. By 
using the traditional linear control method, the controller is 
characterized by its simple control structure and parameter 
design convenience, but poor dynamic control stability. 

Other control approaches apply nonlinear control which 
directly compensate for the system nonlinearities without 
requiring a linear approximation. In [21], an input-output 
feedback linearization (IOL) controller is designed. By adding 
a damping term, the oscillation amplitude of the internal 
dynamics can be effectively decreased. However, the stability 
cannot be guaranteed [22]. Then, many new modified damping 
controllers are designed to enhance the stability and 
performance of the internal dynamics [23]-[26]. However, the 
implementation of these controllers is very complex. To 
enhance robustness and simplify the controller design, a 
passivity-based controller (PBC) based on error dynamics is 
proposed for STATCOM [27]-[30]. Furthermore, the 
exponential stability of system equilibrium point is guaranteed. 
Nevertheless, these methods are not designed on the basis of 
STATCOM with the H-bridge cascaded structure and there are 
no experimental verifications in these literatures. 

In terms of dc capacitor voltage balancing control, there are 
three pivotal issues: overall voltage control, clustered balancing 
control and individual balancing control. In literature [31], 
under the asumption of all dc capacitors being equally charged 
and balanced, they can only eliminate the imbalances caused by 
the inconsistent drive pulses without detecting all dc capacitor 
voltages. In [32]-[34], additional hardware circuits are required 
in the methods based on ac bus energy exchange and dc bus 
energy exchange, which will increase the cost and the 
complexity of the system. In [35], a method based on 
zero-sequence voltage injection is proposed and it will increase 
the dc capacitor voltage endurance capacity. On the contrary, 
the method using negative-sequence current in [36] does not 
need the wide margin of dc capacitor voltage, but the function 
of STATCOM is limited. In [8], the active power of the 
individual phase cluster is controlled independently, while the 
circuit condition is considered to be limited in practical use. In 
[37], [38], a cosine component of the system voltage is 
superposed to the clustered output voltage, but it is easy to be 
affected by an inacurate phase-locked loop (PLL). In [39], the 
active voltage vector superposition method is proposed. 
However, the simulated and experimental results do not show 
the differences in control area and voltage ripple. The selective 
harmonic elimination modulation method is used in [40], [41], 
in which dc voltage balancing control and low-frequency 
modulation are achieved. Compared with the method in [40] 

and [41], a method changing the phase-shift angle for dc 
voltage balancing control is proposed in [42], [43], through 
which the desirable effect can be easily achieved. Whereas, it is 
limited by the capacity of STATCOM. In [44], the dc voltage 
and reactive power are controlled. However, it cannot be 
widely used due to fact that many non-ideal factors are 
neglected. In [45], [46], the proposed method assumes that all 
cells are distributed with equal reactive power and it uses the 
cosine value of the current phase angle. It could lead to system 
instability, when using the zero-crossing point of the cosine 
value. In [47], [48], the results of experiments are obtained in 
the downscaled laboratory system. Thus, they are not very 
persuasive in this condition. 

In this paper, a new nonlinear control method based on PBC 
theory which can guarantee Lyapunov function dynamic 
stability is proposed to control the current loop. It performs 
satisfactorily to improve the steady and dynamic response. For 
dc capacitor voltage balancing control, by designing a PR 
controller for overall voltage control, the control effect is 
improved,  compared with the traditional PI controller. ADRC 
is first proposed by Han in his pioneer work [49], and widely 
employed in many engineering practices [50]-[53], furthermore, 
it finds its new application in H-bridge cascaded STATCOM 
for clustered balancing control. It realizes the excellent 
dynamic compensation for the outside disturbance. By shifting 
the modulation wave vertically for individual balancing control, 
it is much easier to be realized in FPGA compared with existing 
methods. Two actual H-bridge cascaded STATCOMs rated at 
10 kV 2 MVA are constructed and a series of verification tests 
are executed. The experimental results have verified the 
viability and effectiveness of the proposed control methods. 

II. CONFIGURATION OF THE 10 KV 2 MVA STATCOM 
SYSTEM 

Fig. 1 shows the circuit configuration of the 10 kV 2 MVA 
star-configured STATCOM cascading 12 H-bridge PWM 
converters in each phase and it can be expanded easily 
according to the requirement. By controlling the current of 
STATCOM directly, it can absorb or provide the required 
reactive current to achieve the purpose of dynamic reactive 
current compensation. Finally, the power quality of the grid is 
improved and the grid offers the active current only. 

a-phase b-phase c-phase
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Fig.1. Actual 10 kV 2 MVA H-bridge cascaded STATCOM. (a) 
Experimental hardware view. (b) Configuration of the experimental 
system. 

The power switching devices working in ideal condition is 
assumed. sau , sbu and scu are the three-phase voltage of grid. 

au , bu and cu are the three-phase voltage of STATCOM. sai , 

sbi and sci are the three-phase current of grid. ai , bi and ci are the 
three-phase current of STATCOM. lai , lbi and lci are the 
three-phase current of load. dcU is the reference voltage of dc 
capacitor. C is the dc capacitor. L is the inductor. sR is the 
starting resistor. 

Table I summarizes the circuit parameters. The cascade 
number of N=12 is assigned to H-bridge cascaded STATCOM, 
resulting in 36 H-bridge cells in total. Every cell is equipped 
with 9 isolated electrolytic capacitors which the capacitance is 
5600 μF. The dc side has no external circuit and no power 
source except for the dc capacitor and the voltage sensor. In 
each cluster, an ac inductor supports the difference between the 
sinusoidal voltage of the grid and the ac pulse width modulation 
(PWM) voltage of STATCOM. The ac inductor also plays an 
important role in filtering out switch ripples caused by PWM. 
For selecting IGBT, considering the complexities of practical 
industrial fields, there might be the problems of the spike 
current and over load. Consequently, in order to ensure the 
stability and reliability of H-bridge cascaded STATCOM, and 
also improve the over load capability, the current rating of the 
selected IGBT should be reserved enough safety margin. In the 
proposed system, 1.4 times rated current operation is 
guaranteed, the peak current under the 1.4 times over load 
condition is 224A, the additional 76A (300A-224A=76A) is the 
safety margin of IGBT modules. Due to the above 
considerations, the voltage and current ratings of IGBT which 

is selected as the switching element in main circuit are 1.7 kV 
and 300 A (Infineon EF300R17KE3). 

TABLE I 
CIRCUIT PARAMETERS OF THE EXPERIMENTAL SYSTEM  

Grid voltage us 10 kV 
Rated reactive Q 2 MVA 
AC inductor L 10 mH 

Starting resistor Rs 4 kΩ 
DC capacitor 
capacitance 

C 5600 μF 

DC capacitor reference 
voltage 

Udc 800 V 

Number of H-bridges N 12 
PWM carrier frequency f 1 kHz 

    The modulation technology adopts the carrier phase-shifted 
sinusoidal PWM (abbreviated as CPS-SPWM) with the carrier 
frequency of 1 kHz. Then, with a cascade number of N =12, the 
ac voltage cascaded results in a 25-level waveform in line to 
neutral and a 49-level waveform in line to line. In each cluster, 
12 carrier signals with the same frequency as 1 kHz are 
phase-shifted by 2π/12 from each other. When a carrier 
frequency is as low as 1 kHz, using the method of phase-shifted 
unipolar sinusoidal PWM, it can make an equivalent carrier 
frequency as high as 24 kHz. The lower carrier frequency can 
also reduce the switching losses to each cell. 

 
Fig.2. Digital control system for 10 kV 2 MVA H-bridge cascaded 
STATCOM. 

As shown in Fig. 2, the main digital control block diagram of 
the 10 kV 2 MVA STATCOM experimental system consists of 
a digital signal processor (DSP) (Texas Instruments 
TMS320F28335), a field programmable gate array (FPGA) 
(Altera CycloneIII EP3C25) and 36 complex programmable 
logic devices (CPLDs) (Altera MAXII EPM570). Most of the 
calculations, such as the detection of reactive current and the 
computation of reference voltage, are achieved by DSP. Then, 
DSP sends the reference voltages to FPGA. FPGA implements 
the modulation strategy and generates 36 PWM switching 
signals for each cell. CPLD of each cell receives PWM 
switching signal from FPGA and drives IGBTs. 
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Fig.3. Control block diagram for the 10 kV 2 MVA H-bridge cascaded STATCOM. 

III. CONTROL ALGORITHM 
    Fig.3 shows a block diagram of the control algorithm for 
H-bridge cascaded STATCOM. The whole control algorithm 
mainly consists of four parts, namely, passivity-based control, 
overall voltage control, clustered balancing control and 
individual balancing control. The first three parts are achieved 
in DSP, while the last part is achieved in FPGA. 

A. Passivity-based control 
Referring to Fig.1, the following set of voltage and current 

equations can be derived: 

                                   

a
sa a a

b
sb b b

c
sc c c

di
L u u Ri

dt
di

L u u Ri
dt
di

L u u Ri
dt

   

   



  


                          (1) 

where R is the equivalent series resistance of the inductor. 
Applying the d-q transformations (1), the equations in d-q axis 
are obtained 

d
d q sd d

q
d q sq q

di
L Ri Li u u

dt
di

L Li Ri u u
dt





     

     

                       (2) 

where ud and uq are the d-axis and q-axis components 
corresponding to the three-phase STATCOM cluster voltages 
ua, ub and uc. usd and usq are those corresponding to the 
three-phase grid voltages usa, usb and usc. When the grid 
voltages are sinusoidal and balanced, usq is always 0 because of 
usa is aligned with the d-axis. id and iq are the d-axis and q-axis 
components corresponding to the three-phase STATCOM 
currents ia, ib and ic. 

Equation (2) is written as the following form 

0 0 0
.

0 0 0

d

d d sd d

q q q sq q

di
i i u uL L Rdt

di i i u uL L R
dt




 
                                      
  

  (3) 

To apply PBC method, equation (3) is transformed into the 
form of EL system model in this paper. EL system model is an 
important part of the nonlinear PBC theory and an effective 
modeling technology. It defines the energy equation by setting 
the general variable and harnesses the known theorem that can 
be used to analyze the dynamic performance to deduce the 
dynamic equations. This can make the system move along the 
minimize trajectory of Lagrangian integral [54]. EL system 
model could describe the characteristics of the system which is 
difficult to be disposed by linearization control method. This is 
the most important reason to use the EL system model for 
defining control system of H-bridge cascaded STATCOM. 

Referring to [54], along with selecting id and iq as state 
variables, it gives the following EL system model of equation 
(3) 

  


M x Jx Rx u                             (4) 

where d

q

i
i
 

  
 

x  is the state variable. 
0

0
L

L
 

  
 

M  is the 

positive definite inertial matrix and M=MT. 
0

0
L

L



 

  
 

J  is 

the dissymmetry interconnection matrix and J=-JT. 
0

0
R

R
 

  
 

R  is the positive definite symmetric matrix which 

reflects the dissipation characteristic of the system. 
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sd d

sq q

u u
u u

 
   

u  is the external input matrix which reflects the 

energy exchange between the system and environment. 
As to a system, if there is positive semi definite energy 

storage function V(x) and positive definite function Q(x), in the 
condition of ∀ T> 0, the dissipative inequality (5) is true with 
the input u of the system, the output y of the system and the 
energy supply rate uTy. This system is strictly passive. uTy can 
be defined as the rate of energy supply along with the input u 
injected into the system from the external. V is the energy 
storage function of the system. 

 .TV Q 


u y x                             (5) 
For the strict passive-system, if there is smooth and 

differentiable positive definite energy storage function, x=0 is 
the asymptotically stable equilibrium point for this system. 
Then, the storage function can be written as Lyapunov function. 

Assume the energy storage function as (6) for H-bridge 
cascaded STATCOM. 

 2 21 1 .
2 2

T
d qV L i i  x Mx                        (6) 

By taking the derivative of V and utilizing antisymmetric 
characteristic of J, equation (7) is obtained as follows: 

 T T T TV      
 

x M x x u Jx Rx x u x Rx.          (7) 
Setting y=x and Q(x)=xTRx，the forms of equation (7) and 

(5) are the same. Thus, H-bridge cascaded STATCOM is the 
strictly passive. The controller can be designed for H-bridge 
cascaded STATCOM with the passivity theory. 

When H-bridge cascaded STATCOM works in the steady 
conditions, because of the switching loss, the equivalent 
resistance loss and the loss of the capacitor itself, it will lead to 
a decline of the dc capacitor voltage. Thus, it needs to maintain 
dc capacitor voltage at the given value while compensating the 
reactive current for grid. And it has three expected stable 
equilibrium points: dcU  is the dc capacitor reference voltage. 

di
  is the reference current of the d-axis. qi

  is the reference 
current of the q-axis. 

Generally, the dc capacitor voltage of H-bridge cascaded 
STATCOM is maintained at the given value through absorbing 
the active current from the grid that can be achieved by 
controlling the d-axis active current. This d-axis active current 

dc dc dcdi i i   (as shown in Fig.3) can be added to the d-axis 
reference current. The newfound d-axis reference current is 

dnew d dci i i    . Now, the three expected stable equilibrium 

points of the system can be revised two: 1 dnewx i   and 2 qx i  . 
Error system is established as follows: 

T

e d dnew q qi i i i        x x x               (8) 

where x  is the expected stable equilibrium point of the 
system. 

Substituting (8) into (4), the error dynamic equation of the 
system can be obtained as follows: 

   e e e
   

      
 


M x x J x x R x x u            (9) 

that is 

.e e e
   

      
 


M x Jx Rx u M x Jx Rx        (10) 

To improve the speed of the convergence, from x  to x , 
and make error energy function reach zero, the equation (10) is 
injected with damping. It can accelerat energy dissipation of the 
system and make the system converge the expected stable 
equilibrium point. The injected damping dissipation term as 
follows: 

 d e a e R x R R x                                (11) 
where dR  is the damping matrix of the system. 

1

2

0
0

a
a

a

R
R

 
  
 

R is the injected positive definite damping 

matrix and 1 0aR  ， 2 0aR  . 
Substituting (11) into (10), the new error dynamic equation 

of the system can be achieved as follows: 

e e d e a e
   

        
 


M x Jx R x u M x Jx Rx R x    (12) 

The Lyapunov function of the system is obtained as 

 2 2
1

1 1 .
2 2

T
e e ed eqV L i i  x Mx                      (13) 

The derivative of the equation (13) is achieved as 

 1 .T T T T
e e e e d e e e d eV      

 
x M x x Jx R x x x R x      (14) 

As M is the positive definite matrix, only if the disturbance 
   , equation (14) will be greater than zero. Thus, there must 
be a specific positive real number   that makes the equation 
(15) true. 

1 1 0.T
e d eV V    


x R x                         (15) 

According to Lyapunov stability theorem, the system is 
exponential asymptotic stability. 

For making    , the system needs to satisfy the condition 
as 

a e
    


M x Jx Rx R x = u.                       (16) 
Based on (16), the passivity-based controller for H-bridge 

cascaded STATCOM can be obtained as 

 

 

1

2

.

dnew
d q dnew a d dnew sd

q
q dnew q a q q sq

di
u L Li Ri R i i u

dt
di

u L Li Ri R i i u
dt






  


  


      


       

        (17) 

Fig.4 shows a block diagram of the passivity-based control 
and the three-phase command voltages au , bu  and cu  can be 
obtained by applying the inverse d-q transformation to du  and 

qu . 
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Fig.4. Block diagram of passivity-based control. 

B. Overall Voltage Control 
As the first level control of the dc capacitor voltage balancing, 

the aim of the overall voltage control is to keep the dc mean 
voltage of all converter cells equalling to the dc capacitor 
reference voltage. The common approach is to adopt the 
conventional PI controller which is simple to implement. 
However, the output voltage and current of H-bridge cascaded 
STATCOM are the power frequency sinusoidal variables and 
the output power is the double power frequency sinusoidal 
variable, it will make the dc capacitor also has the double power 
frequency ripple voltage. So the reference current which is 
obtained in the process of the overall voltage control is not a 
standard dc variable and it also has the double power frequency 
alternating component and it will reduce the quality of 
STATCOM output current. 

In general, when using PI controller, in order to ensure the 
stability and the dynamic performance of system, the 
bandwidth of voltage loop control is set to be 200 Hz-500 Hz 
and it is difficult to restrain the negative effect on the quality of 
STATCOM output current which is caused by the 100 Hz 
ripple voltage. Moreover, because of static error of PI controller, 
it will affect not only the first level control but also the second 
and the third one. Especially during the startup process of 
STATCOM, it will make the voltage reach the target value with 
a much larger overshoot. 

To resolve the problem, this paper adopts PR controller for 
the overall voltage control. The gain of PR controller is infinite 
at the fundamental frequency and very small at the other 
frequency. Consequently, the system can achieve the zero 
steady state error at the fundamental frequency. By setting the 
cutoff frequency and the resonant frequency of PR controller 
appropriately, it can reduce the part of ripple voltage in total 
error, decrease the reference current distortion which is caused 
by ripple voltage and improve the quality of STATCOM output 
current. Moreover, the dynamic performance and the dynamic 
response speed of the system also can be improved. In 
particular, during the startup process of STATCOM, the much 
larger dc voltage overshoot can be restrained effectively. 

PR controller is composed of a proportional regulator and a 
resonant regulator. Its transfer function can be expressed as 

  2 2
0

2
2

r c
PR p

c

k s
G s k

s s

 

 
 

                     (18) 

where pk  is the proportional gain coefficient. rk  is the integral 
gain coefficient. c  is the cutoff frequency. 0  is the resonant 
frequency. rk  influences the gain of the controller but the 
bandwidth. With rk  increasing, the amplitude at the resonant 
frequency is also increased and it plays a role in the elimination 
of the steady state error. c  influences the gain of the 
controller and the bandwidth. With c  increasing, the gain and 
the bandwidth of the controller are both increased. 

This paper selects 0.05pk  , 10rk  , 3.14c   rad/s and 

0 100   as the controller parameters. Fig.5 is the bode plots 
of PR controller with the above parameters and Fig.6 is the 
block diagram of overall voltage control. The signal of voltage 
error is obtained by comparing the dc mean voltage of all 
converter cells with the dc capacitor reference voltage. Then, 
the signal of voltage error is regulated by PR controller and 
delivered to the current loop as a part of the reference current. 

dcU  is the dc capacitor reference voltage. dcU   is the mean 
value of overall voltage. dci  is the active control current for 
overall voltage control. 
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Fig.5. Bode plots of PR controller. 
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Fig.6. Block diagram of overall voltage control. 

C. Clustered Balancing Control 
Taking the clustered balancing control as the second level 

control of the dc capacitor voltage balancing, the purpose is to 
keep the dc mean voltage of 12 cascaded converter cells in each 
cluster equaling the dc mean voltage of the three clusters. 
ADRC is adopted to achieve it. Then, it requires several steps to 
complete the design of ADRC for H-bridge cascaded 
STATCOM, which are as follows: 

1) According to equation (1), H-bridge cascaded STATCOM 
is a first-order system, thus the first-order ADRC is designed. 
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Taking the dc capacitor voltage of each cluster as the controlled 
object for analysis, the clustered balancing control model is 
built and the input and output variables and the controlled 
variable of the controlled object are determined. 

2) By using the nonlinear tracking differentiator (TD) which 
is a component of ADRC, the transient process for the reference 
input of the controlled object is arranged and its differential 
signal is extracted. 

Selecting the mean value of overall voltage dcU   as the 
reference voltage, TD is obtained via linear differential element 
and it can be expressed as 

 1 1 1 1 1, ,dcv r fal v U  


                            (19) 

where 1v  is the tracking signal of reference voltage dcU   and 1v


 

is the differential signal of the reference voltage dcU  . 1r  is the 
speed tracking factor which reflects the changing rule of TD. 
The larger 1r  is, the faster the tracking speed and the larger the 
overshoot will be. Thus, it needs to select 1r  properly according 
to the requirement of the actual system. 1  and 1  are the 
adjustable control parameters. 1  determines the nonlinear 
form. The control effect will be changed greatly with the 
appropriate 1 . 1  determines the size of the fal  function 
linear range. 

3) With the extended state observer (ESO) in ADRC, the 
uncertainties and the disturbances which lead to the 
unbalancing of the clustered dc capacitor voltages are observed 
and estimated dynamically. 

The second-order ESO designed for the dc capacitor voltage 
of STATCOM could be written as 
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where the fal  function  , ,fal     is defined as 

 
   

 1
, , .

/

sign
fal





   
  

   

  


                    (21) 

kdcU ( , ,k a b c ) is the real-time detected value of the dc mean 
voltage of 12 cascaded converter cells in each cluster in current 
cyclical and it is used as known parameter. 1z  is the state 
estimation signal of the dc capacitor voltage.   is the control 
deviation of the system. 2z  is the internal and the external 
disturbance estimate signals of the controlled object. ki  is the 
control variable. b is the feedback coefficient of 

ki ( , ,k a b c ). 21r , 22r , 2  and 2  are the adjustable control 
parameters. 22r  has an effect on the delay of 2z . The larger 22r  
is, the smaller the delay will be. But, the larger 22r  will lead to 
system oscillation. With 21r  increasing slightly, the system 
oscillation could be damped. However, it will result in system 

divergence. Consequently, the adjustment of 21r  and 22r  
requires mutual coordination. It can set 22r  beforehand and 
then improve the control effect with increasing 21r  gradually. 

Actually, there are errors in the detection unit of the dc 
capacitor voltage of STATCOM. Thus, control precision of the 
dc capacitor voltage can be improved considerably by using 1z  
to estimate the state of the actual dc capacitor voltage precisely. 
For the changing of the system operation parameters in 
different applied environments, 2z  can estimate the unknown 
disturbances accurately and optimize the dynamic response 
speed of the clustered balancing control. Whether the unknown 
disturbances can be estimated accurately with ESO directly 
influences the control effect of ADRC. Therefore, the tuning of 
ESO parameters is very critical. 

4) Nonlinear state error feedback (NLSEF) unit, a very 
important part of ADRC, is used to calculate the control 
variable of the active power adjustment for the clustered 
balancing control. However, in the practical application, the 
selection of NLSEF unit parameters in common ADRC is very 
difficult. Therefore, it is simplified with the linear optimization 
method in this paper and the newly obtained NLSEF unit can be 
expressed as 

 
1 1 1

0 3 1 3 3

0 2

, ,
/k

z v
i r fal

i i z b



  

 
 
  

                             (22) 

where fal  function is defined as equation (21). 1  is the error 
value between the tracking signal 1v  and the state estimation 
signal 1z . 0i  is the control variable without the disturbance 
feedback compensation. b is the feedback coefficient which has 
relations with the control variable ki  and the state variable of 
the ESO. If the controlled object existed delay, with a larger b, 
it would generate a large error control signal making the 
response speed of the output faster and compensation of the 
internal and the external disturbances more effective. 3r , 3  
and 3  are the adjustable control parameters. The regulating 
speed can be controlled by appropriately adjusting 3r . 
However, the faster regulating speed might cause increased 
overshoot and system oscillation. 

5) Finally, by combining NLSEF unit with the observed 
disturbances from ESO, the simplified ADRC can be achieved 
and then the clustered balancing control of H-bridge cascaded 
STATCOM can be realized. 

Fig.7 shows a block diagram of the clustered balancing 
control with the simplified ADRC. When ADRC receives the 
reference voltage dcU   and the real-time detected value of the 
dc mean voltage kdcU ( , ,k a b c ) of 12 cascaded converter 
cells in each cluster, it will trace the reference voltage rapidly 
with TD and obtain the tracking signal 1v  by filtering. Then, by 
subtracting the tracking signal 1v  from the state estimation 
signal of the dc capacitor voltage 1z , the control deviation 
command 1  of the system voltage is calculated. 1  is used as 
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the input signal of NLSEF. Finally, the active adjustment 
control current ki ( , ,k a b c ) of the clustered balancing 
control is achieved by subtracting the disturbance estimate 
signals which obtained in ESO from the output result 0i  of 
NLSEF. 

1/b b

1z

2z

0i ki

kdcU

1dcU 
1v

 
Fig.7. Block diagram of clustered balancing control. 

D. Individual Balancing Control 
As the overall dc voltage and the clustered dc voltage are 

controlled and maintained, the individual control becomes 
necessary because of the different cells have different losses. 
The aim of the individual balancing control as the third level 
control is to keep each of 12 dc voltages in the same cluster 
equalling to the dc mean voltage of the corresponding cluster. It 
plays an important role in balancing 12 dc mean capacitor 
voltages in each cluster. Due to the symmetry of structure and 
parameters among the three phases, a-phase cluster is taken as 
an example for the individual balancing control analysis. 

Fig.8 shows the charging and discharging states of one cell. 
According to the polarity of output voltage and current of the 
cell, the state of the dc capacitor can be judged. Then, the dc 
capacitor voltage will be adjusted based on the actual voltage 
value. 

anu anu
nadcU nadcU

(a)                                      (b) 
Fig.8. Charging and discharging states of one cell. (a) Charging state. 
(b) Discharging state. 

As shown in Fig.8, at some point, the direction of the current 
is from the grid to STATCOM. If S1 and S4 are open, the 
output voltage of the n-th cell is positive. The current flows into 
the dc capacitor along the direction which is shown in Fig.8 (a) 
and charges the capacitor. Likewise, if S2 and S3 are open, the 
output voltage of the n-th cell is negative. The current flows 
into the dc capacitor along the direction which is shown in Fig.8 
(b) and discharges the capacitor. Obviously, to make the 
capacitor voltage of each cell tend to be consistent, the turn-on 
time of the cell with the lower voltage should be extended and 
the turn-on time of the cell with the higher voltage should be 
shortened in charging state. Then, in discharging state, the 
process is contrary. The adjustment principle of the dc 
capacitor voltage can be summarized as follows: 

 When   0a ani u  , if nadc adcU U , it needs to increase the 
duty cycle. If anadc dcU U , it needs to reduce the duty cycle. 

 When   0a ani u  , if nadc adcU U , it needs to increase the 

duty cycle. If anadc dcU U , it needs to reduce the duty cycle. 
where ai  is output current of a-phase cluster. anu is ac output 
voltage of the n-th (n=1,2，…12) cell of a-phase cluster. 

adcU is the dc mean voltage of 12 cascaded converter cells in 
a-phase cluster. nadcU is the capacitor voltage of the n-th cell of 
a-phase cluster. 

According to the above method, the direction and the 
magnitude of adjustment of the duty cycle for one cell can be 
achieved easily at some point. 
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 Fig.9. Process of shifting modulation wave. 
Fig.9 shows the adjustment method of the duty cycle by 

shifting the modulation wave vertically. Taking the first half 
period of the modulation wave as an example, the value of the 
modulation wave is greater than zero and the cell outputs zero 
level and 1 level. When the level is zero, the capacitor is not 
connected to the main circuit and it is not in the state of the 
charging and discharging. To reduce the charging time for one 
capacitor, it needs to reduce the action time of 1 level. And it 
can be realized by reducing the turn-on time of S1and S4 (as 
shown in Fig.8). The state of the left bridge arm is decided by 
comparing the normal modulation wave with the triangular 
carrier. The state of the right bridge arm is decided by 
comparing the opposite modulation wave with the triangular 
carrier. Therefore, taking x-axis as the boundary, the duty cycle 
is reduced by shifting down the normal modulation wave and 
shifting up the opposite modulation wave according to the 
following equations (23) and (24). 

0i i Udcu u k e                                  (23) 

0i i Udcu u k e                                  (24) 
where Udc nadc adce U U  . k is regulation coefficient. 0iu  is the 
previous modulation wave. iu  is the new modulation wave. 

The above principle is also suitable for reducing discharging 
time and prolonging the charging and discharging time of the 
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cell. Summing up the above analysis, the method can be 
illustrated as follows: 
 If the requirement is to reduce the duty cycle, it needs to shift 

down the normal modulation wave and shift up the opposite 
modulation wave. 

 If the requirement is to prolong the duty cycle, it needs to 
shift up the normal modulation wave and shift down the 
opposite modulation wave.  

The value of shifting is decided by Udck e  and the flow chart 
is shown in Fig.10. 

 Fig.10. Flow chart of shifting modulation wave. 
The above method is the modulation strategy that is based on 

CPS-SPWM in this paper and it is very easy to be realized in 
FPGA. But, it is not to say that this method must be used like 
this only. In order to regulate the duty cycle, as long as the pulse 
signal is achieved by comparing the modulation wave with the 
carrier, the modulation strategy is able to use this method. The 
implementation block diagram of the individual balancing 
control method is shown in Fig.11. 

nadcU

adcU
ai
anu

 
Fig.11. Block diagram of individual balancing control. 

IV. EXPERIMENTAL RESULTS 
To verify the correctness and effectiveness of the proposed 

methods, the experimental platform is built according to the 
second part of this paper. Two H-bridge cascaded STATCOMs 
are running simultaneously. One generates the set reactive 
current and the other generates the compensating current that 
prevents the reactive current from flowing into the grid. The 
experiment is divided into two parts: the current loop control 
experiment and the dc capacitor voltage balancing control 
experiment. In current loop control experiment, the measured 
experimental waveform is the current of a-phase cluster and it 
is recorded by the oscilloscope. In dc capacitor voltage 
balancing control experiment, the value of dc capacitor 
voltages are transfered into DSP by signal acquisition system 
and they can be recorded and observed by CCS software in 

computer. Finally, with the exported experimental data from 
CCS, experimental waveform is plotted by using MATLAB. 

A. Current loop control experiment 
The current loop control experiment is divided into four 

processes: steady state process, dynamic process, startup 
process and stopping process. 

 
(a) 

 
(b) 

Fig.12. Experimental results verify the effect of PBC in steady state 
process. (a) Ch1: reactive current; Ch2: compensating current; Ch3: 
residual current of grid. (b) Ch1: reactive current; Ch2: compensating 
current; Ch3: residual current of grid. 

Fig. 12 shows the experimental results verifying the effect of 
PBC in steady state process. As shown in Fig. 12(a), it is the 
experimental result of the full load test. With the proposed 
control method, the reactive current is compensated effectively. 
The error of the compensation is very small. The residual 
current of the grid is also quite small.The phase of the 
compensating current is basically the same as the phase of the 
reactive current. The waveforms of the compensating current 
and the reactive current are smooth and they have the small 
distortion and the great sinusoidal shape. As shown in Fig. 
12(b), it is the experimental result of the over load test. When 
STATCOM is running in over load state (about 1.4 times 
current rating), due to the selected IGBT has been reserved the 
enough safety margin, STATCOM still can run continuously 
and steadily. The over load capability of STATCOM is 
improved greatly and the operating reliability of STATCOM in 
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practical industrial field is enhanced effectively. However, 
considering the over load capability of other devices in 
STATCOM and the capacity of STATCOM itself, STATCOM 
is not suggested for long term operation in over load state. 

 
Fig.13. Experimental results show the dynamic performance of 
STATCOM in dynamic process. Ch1: reactive current; Ch2: 
compensating current; Ch3: residual current of grid. 

Fig. 13 shows the dynamic performance of STATCOM in 
dynamic process. When two STATCOMs are running in steady 
state process, at some point, the one generating the reactive 
current decreases output current suddenly. Meanwhile, the 
other one which generates the compensating current has the 
same mutative value. The residual current of the grid has a 
transient distortion and then returns to the steady state 
immediately. The dynamic response of STATCOM is very fast. 

Fig. 14 shows the experimental results in startup process and 
stopping process. As shown in Fig. 14(a), when STATCOM 
generating the reactive current starts running, the other 
STATCOM which generates the compensating current also 
starts running right away and generates the corresponding 
compensating current to compensate the reactive current. 
Similarly, in Fig. 14(b), when STATCOM which outputs the 
reactive current stops running, the other STATCOM which 
outputs the compensating current also stops running at once and 
there is no significant overcompensation. When the system 
starts running or stops running, the residual current of the grid 
has a very small instantaneous changewhile whole process is 
very quick and has no impact on the grid. 

 
(a) 

 
(b) 

Fig.14. Experimental results in startup process and stopping process. 
(a) Ch1: reactive current; Ch2: compensating current; Ch3: residual 
current of grid. (b) Ch1: reactive current; Ch2: compensating current; 
Ch3: residual current of grid. 

The results obtained above in the current loop control 
experiment show that STATCOM can track the reference 
command current accurately and compensate the reactive 
current rapidly when the reactive current changes suddenly by 
adopting the proposed control method. The compensation 
precision of STATCOM is high and the dynamic response of 
STATCOM is fast. 

B. DC capacitor voltage balancing control experiment 
STATCOM which generates the compensating current is 

taken as an example to verify the effect of dc capacitor voltage 
balancing control. 
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Fig.15. Experimental waveforms for testing overall voltage control in 
startup process. 

Fig. 15 shows the experimental waveforms for testing overall 
voltage control in startup process. This paper selects =0.05pk , 

10rk  , 3.14c   rad/s and 0 100   as the PR controller 
parameters. 0.5pk   and 0.01ik   are selected as the PI 
controller parameters and the selecting rule is according to the 
method which is proposed by Hirofumi Akagi in literature [55]. 
The dc capacitor reference voltage dcU  is set at 800 V. The two 
lines denote the dc mean voltage of all converter cells dcU   with 
the PI control and the proposed control (PR control) 
respectively, and both exhibit good performance on tracking 
the voltage of the set point. The PI controller can make the 
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voltage reach the target value rapidly, but it still requires 
roughly double the settling time with a much larger overshoot 
(greater than 6%) than that of the proposed controller. And the 
proposed controller provides a very smooth response. The 
proposed control method exhibits better performance in terms 
of response time and damping profile compared with the PI 
control. 
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Fig.16. Experimental waveforms for testing clustered balancing 
control in startup process and dynamic process. (a) dc mean voltage of 
all converter cells dcU  ; dc mean voltage kdcU ( , ,k a b c ) of 12 

cascaded converter cells in each cluster. (b) dc mean voltage of all 
converter cells dcU  ; dc mean voltage kdcU ( , ,k a b c ) of 12 cascaded 

converter cells in each cluster. 
Fig. 16 shows the experimental waveforms for testing 

clustered balancing control which is realized by ADRC in 
startup process and dynamic process. As shown in Fig. 16(a), in 
startup process, although all converter cells have different 
losses, the dc mean voltage kdcU ( , ,k a b c ) of 12 cascaded 
converter cells in each cluster can attain consistent with dcU   
rapidly. The dc voltage deviation is no more than 10 V. After 
reaching steady state, kdcU ( , ,k a b c ) have less deviation 
compared with dcU   and the steady state error is less than 5 V. 
In Fig. 16(b), when the output current of STATCOM has a 
sharp change, dcU   is maintained at the reference voltage value. 
But the waveforms of kdcU ( , ,k a b c ) are shown clearly as 
three different curves. Then, the clustered balancing control is 
triggered and the three curves converge as one quickly. 

kdcU ( , ,k a b c ) can still attain consistent with dcU  . The max 
deviation is no more than 15 V and the steady state error is less 

than 5 V. The results verify that the proposed method of 
clustered balancing control is effective for balancing dc 
voltages among three clusters. And it avoids the overvoltage 
protection of dc capacitor which can make STATCOM stop 
working. 

Fig.17. Experimental waveforms of 12 cells in a-phase cluster for 
testing individual balancing control in steady state process. 

Fig. 17 shows the experimental waveforms of 12 cells in 
a-phase cluster for testing individual balancing control which is 
realized by shifting the modulation wave vertically in steady 
state process. The dc voltages of all cells are maintained at the 
given values (800 V) with the small voltage ripple. This 
experiment verifies that CPS-SPWM with the proposed method 
of individual voltage control is effective in regulating 
individual dc voltages. 

Results of dc capacitor voltage balancing control show that 
the proposed control methods can coordinate with each other 
and achieve the best control effect. They also improve the 
steady state and dynamic performance of STATCOM. 

V. CONCLUSION 
This paper has analyzed the fundamentals of STATCOM 

based on multilevel H-bridge converter with star configuration. 
And then, the actual H-bridge cascaded STATCOM rated at 10 
kV 2 MVA is constructed and the novel control methods are 
also proposed in detail. The proposed methods has the 
following characteristics. 

(1) A PBC theory based nonlinear controller is first used in 
STATCOM with this cascaded structure for the current loop 
control, and the viability is verified by the experimental results. 

(2) The PR controller is designed for overall voltage control 
and the experimental result proves that it has better 
performance in terms of response time and damping profile 
compared with the PI controller. 

(3) The ADRC is first used in H-bridge cascaded STATCOM 
for clustered balancing control and the experimental results 
verify that it can realize excellent dynamic compensation for 
the outside disturbance. 



0885-8993 (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2014.2320251, IEEE Transactions on Power Electronics

 
IEEE TRANSACTIONS ON POWER ELECTRONICS 

12

(4) The individual balancing control method which is 
realized by shifting the modulation wave vertically can be 
easily implemented in FPGA. 

The experimental results have confirmed that the proposed 
methods are feasible and effective. In addition, the findings of 
this study can be extended to the control of any multilevel 
voltage source converter, especially those with H-bridge 
cascaded structure. 

VI. FUTURE WORK 
The application of a new nonlinear control method based on 

PBC theory in current loop control coupled with the dc 
capacitor voltage balancing control techniques described in this 
paper have been shown to be very effective at improving the 
steady state and dynamic performance of H-bridge cascaded 
STATCOM, and making the realization of control methods in 
DSP and FPGA became easier. Furthermore, the future work 
will focus on studying the control method of H-bridge cascaded 
STATCOM under unbalanced and distorted grid voltage. It will 
make H-bridge cascaded STATCOM run steadily and keep the 
ideal reactive compensation effect under any conditions. 

The difference between the unbalanced and distorted grid 
with the balanced and no distorted grid only lies in that the 
negative sequence component and the harmonic component 
exist in the unbalanced and distorted grid, but they do not 
appear in the balanced and no distorted grid. So, on basis of the 
research results in this paper, H-bridge cascaded STATCOM 
can still achieve the satisfactory performance under unbalanced 
and distorted grid voltage by adding the negative sequence 
component controller and the harmonic component controller 
in current loop control, and also the corresponding voltage 
controller for restraining the impact of the negative sequence 
component on dc capacitor voltage balancing control. 

To achieve this objective, in further investigation, the authors 
will focus on the work of the following respects: 

(1) Under unbalanced voltage, in order to obtain the negative 
sequence phase angle, the existing PLL which only obtains the 
positive sequence phase angle in this paper needs to be 
improved for extracting the positive sequence synchronizing 
signal and the negative sequence synchronizing signal 
separately. 

(2) The negative sequence component reference signal and 
the harmonic component reference signal also need to be 
calculated separately. 

(3) According to the proposed nonlinear control method 
based on PBC theory in this paper, the negative sequence 
component controller and the harmonic component controller 
will be designed and added in current loop control. 

(4) In order to restrain the impact of the negative sequence 
component on clustered balancing control, we will use the 
method of the zero-sequence voltage injection according to the 
dc voltage deviation. Because zero-sequence voltage has 
different effects on three-phase compensation current, but the 
sum of these different effects is zero in one cycle. Based on the 

above characteristic, this method can be used for clustered 
balancing control under unbalanced grid voltage. And the 
proposed ADRC in this paper will be still used to realize the 
method of the zero-sequence voltage injection. 

In addition, the proposed method for individual balancing 
control in this paper is achieved in the stage of CPS-SPWM and 
the dc voltage of each cell is controlled independently. So, it 
does not need to consider the impact of the negative sequence 
component. This method will continue to be used in future 
work. 

APPENDIX 

DISSIPATION SYSTEM THEORY AND ENERGY STORAGE 
FUNCTION 

Because passivity theory is an important component of the 
dissipation system theory, it is necessary to know the definition 
of the dissipation system to prove that H-bridge cascaded 
STATCOM is strictly passive. Moreover, the energy storage 
function of system should be selected properly. 

Let us first recall the definition of the dissipation system. 
Then, we will introduce that how to select the energy storage 
function of system in this paper. 

Dissipativity is the fundamental property of physical system 
closely related to energy losses and energy dissipation [54]. 
The typical example of energy dissipation system is circuit, in 
which partial electric energy and magnetic energy dissipate in 
the resistor in the form of heat. To accurately define 
dissipativity, it requires two functions: one reflects the rate of 
energy that flow into the system, namely supply rate; the other 
one is energy storage function that measure the system energy 
storage. These functions are connected by dissipative 
inequality. By “dissipative inequality” we mean that the supply 
rate is no less than the increment of energy storage along with 
the time track of the dissipation system. This means that the 
energy storage in the dissipation system should be no more than 
that of the external supply and the difference between the two 
numbers is the amount of dissipated energy. 

Now, we introduce the dissipation system theory applied to 
H-bridge cascaded STATCOM. Consider a-phase cluster 
equivalent circuit of H-bridge cascaded STATCOM which is 
shown in Fig. A1. 

i

usu
L R









 
Fig. A1 A-phase cluster equivalent circuit of H-bridge cascaded 
STATCOM. 

According to the law of kirchhoff, the dynamic equation of 
circuit can be obtained 
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s
diL u u Ri
dt

                              (25) 

where su  is the voltage of system. u  is the output voltage of 
STATCOM. i  is the output current of STATCOM. L  is the 
inductor. R  is the equivalent series resistance of the inductor. 

By multiplying both sides of equation (25) by i , equation 
(26) is obtained as follows: 

  2
s

diLi u u i Ri
dt

                            (26) 

Equation (26) can be equivalent to equation (27). 

 2 21
2 s

d Li u u i Ri
dt
     
 

                       (27) 

where 21
2

Li  is the magnetic field energy which is stored in 

inductor, namely the storage energy of circuit. 

Setting energy storage function 21
2

V Li  and integrating 

equation (27) from 0 to t , equation (28) can be obtained. 

            2

0 0

0 d d
t t

sV t V u u i Ri             (28) 

where  V t  is the energy of circuit at t .  0V  is initial energy 

of circuit.       
0

d
t

su u i     is the supplying energy of 

external power.  2

0

d
t

Ri    is the dissipation energy of circuit. 

According to the definition of the dissipation system, H-bridge 
cascaded STATCOM is the dissipation system. Thus, basing on 
discusses in this paper, H-bridge cascaded STATCOM is the 
strictly passive. Moreover, the selected energy storage function 

21
2

V Li  is appropriate. 

Because the current is expressed in d-q axis in this paper, 
combining equation (4), the energy storage function can be 
written as the following form which is the same as equation (6). 

 2 21 1 .
2 2

T
d qV L i i  x Mx                       (29) 
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