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Abstract— 
When adjusting rapidly fluctuating unbalanced and nonlinear loads, the transient responsiveness 

of the distribution static compensator (DSTATCOM) is critical. Any change in the load has a 

direct impact on the dc-link voltage. When the load is suddenly removed, the dc-link voltage 

rises above the reference value, but when the load is suddenly increased, the dc-link voltage falls 

below the reference value. Variation of the dc-link voltage within the permitted limits is required 

for successful DSTATCOM functioning. To keep the dc-link voltage at the reference value, a 

proportional-integer (PI) controller is often utilised. Its input is the difference between the 

capacitor voltage and its reference value. The standard PI dc-link voltage controller, on the other 

hand, has a delayed transient response. The energy of a dc-link capacitor is used to suggest a 

fast-acting dc-link voltage controller in this research. To achieve such quick transient reaction, 

mathematical formulae are presented to calculate the gains of the traditional controller based on 

fast-acting dc-link voltage controllers. To validate the proposed controller, thorough simulation 

and experimental investigations are conducted. 

Index Terms—DC-link voltage controller, distribution static compensator (DSTATCOM), fast 

transient response, harmonics, load compensation, power factor, power quality (PQ), unbalance, 

voltage-source inverter (VSI). 

 

 

I. INTRODUCTION 

 
HE proliferation of power-electronics-based 

equipment, nonlinear and unbalanced loads, 

has aggravated the power-quality (PQ) 

problems in the power distribution net- work. 

They cause excessive neutral currents, 

overheating of electrical apparatus, poor power 

factor, voltage distortion, high levels of 

neutral-to-ground voltage, and interference 

with communication systems [1], [2]. The 

literature records the evolution of different 

custom power devices to mitigate the above 

power-quality problems by injecting 

voltages/currents or 

both into the system [3]–[6]. 

 

 

The shunt-connected custom power device, 

called the             distribution static 

compensator (DSTATCOM), injects 

current at the point of common coupling 

(PCC) so that harmonic filtering, power 

factor correction, and load balancing can be 

achieved. The DSTATCOM consists of a 

current-controlled voltage-source inverter 

(VSI) which injects current at the PCC 

through the interface inductor. The 

operation of VSI is sup- ported by a dc 

storage capacitor with proper dc voltage 

across it. 

One important aspect of the compensation 

is the extraction of reference currents. 

Various control algorithms are available in 
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literature [7]–[11] to compute the reference 

compensator cur- rents. However, due to 

the simplicity in formulation and no con- 

fusion regarding the definition of powers, 

the control algorithm based on 

instantaneous symmetrical component 

theory [11] is preferred. Based on this 

algorithm, the compensator reference 

currents  are given as follows: 

 

 

 
 

 
 
 
 
 
 
 
 
       

 

 

where is the desired phase angle 

between the supply voltages and 

compensated source currents in the respec- 

tive phases. For unity power factor 

operation,      0, thus    0. 

The term   is the dc or average value of the 

load power. The term       in (1) accounts 

for the losses in the VSI without any dc 

loads in its dc link. To generate , a 

suitable closed-loop dc-link voltage 

controller should be used, which will 

regulate the dc voltage to the reference 

value. 

For the DSTATCOM compensating 

unbalanced and non- linear loads, the 

transient performance of the compensator is 

decided by the computation time of average 

load power and losses in the compensator. 

In most DSTATCOM applications, losses 

in the VSI are a fraction of the average load 

power. Therefore, the transient performance 

of the compensator mostly depends on the 

computation of . In this paper,   is 

computed by using a moving average filter 

(MAF) to ensure fast dynamic response. 

The settling  

 

time of the MAF is a half-cycle period in 

case of odd harmonics and one cycle period 

in case of even harmonics presence in 

voltages and currents. Although the   

computation of  is generally slow and 

updated once or twice in a cycle, being a 

small value compared to , it does not 

play a significant role in transient 

performance of the compensator. 
In some of the electric power consumers, such as 
the telecom- 
munications industry, power-electronics drive 

applications, etc., there is a requirement for ac 

as well as dc loads [12]–[15]. The 

telecommunication industry uses several 

parallel-connected
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switch-mode rectifiers to support dc bus voltage. 

Such an arrangement draws nonlinear load 

currents from the utility. This causes poor power 

factor and, hence, more losses and less efficiency. 

Clearly, there are PQ issues, such as unbalance, 

poor power factor, and harmonics produced by 

telecom equipment in power distribution 

networks. Therefore, the functionalities of the 

conventional DSTATCOM should be increased 

to mitigate the aforementioned PQ problems and 

to supply the dc loads from its dc link as well. 

The load sharing by the ac and dc bus depends 

upon the design and the rating of the VSI. This 

DSTATCOM differs from conventional one in 

the sense that its dc link not only supports 

instantaneous compensation but also supplies dc 

loads. 

However, when the dc link of the 

DSTATCOM supplies the dc load as well, the 

corresponding dc power is comparable to the 

average load power and, hence, plays a major 

role in the tran- sient response of the 

compensator. Hence, there are two impor- tant 

issues. The first one is the regulation of the dc-

link voltage within prescribed limits under 

transient load conditions. The second one is the 

settling time of the dc–link voltage controller. 

Conventionally, a PI controller is used to 

maintain the dc-link voltage. It uses the 

deviation of the capacitor voltage from its 

reference value as its input. However, the 

transient response of the conventional dc-link 

voltage controllers is slow, especially in 

applications where the load changes rapidly. Some 

work related to dc-link voltage controllers and 

their stability is reported in [16]–[20]. However, 

the work is limited to rectifier units where 

switching patterns are well defined and analysis 

can be easily carried out. In this paper, a fast-

acting dc-link voltage controller based on the dc-

link capacitor energy is proposed. The detailed 

modeling, simulation, and experimental 

verifications are given to prove the efficacy of 

this fast-acting dc-link voltage con- troller. 

There is no systematic procedure to design the 

gains of the conventional PI controller used to 

regulate the dc-link voltage of the DSTATCOM. 

Herewith, mathematical equations are given to 

design the gains of the conventional controller 

based on the fast-acting dc-link voltage 

controllers to achieve similar fast transient 

response. 

II. DSTATCOM FOR COMPENSATING AC 

AND DC LOADS  

Various VSI topologies are described in the 

literature for re- 

alizing DSTATCOM to compensate unbalanced 

and nonlinear loads [21]–[29]. Due to the 

simplicity, the absence of unbalance in the dc-link 

voltage and independent current tracking with 

respect to other phases, a three-phase H-bridge 

VSI topology is chosen. Fig. 1 shows a three-

phase, four-wire-compensated system using an 

H-bridge VSI topology-based DSTATCOM 

compensating unbalanced and nonlinear ac 

load. In addition to this, a dc load is 

connected across the dc link. The DSTATCOM 

consists of 12 insulated-gate biploar transistor 

(IGBT) switches each with an antiparallel diode, 

dc storage capacitor, three isolation transformers, 

and three interface inductors. The star point of 

the isolation transformers   is connected to 

the neutral of load and source . The 
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Fig. 1. Three-phase, four-wire compensated 
system using the H-bridge VSI topology-based 
DSTATCOM. 

H-bridge VSIs are connected to the PCC 

through interface inductors. The isolation 

transformers prevent a short circuit of the dc 

capacitor for various combinations of the 

switching states of the VSI. The inductance and 

resistance of the iso- lation transformers are 

also included in   and . The source 

voltages are assumed to be balanced and 

sinusoidal. With the supply being considered as 

a stiff source, the feeder impedance ( - ) 

shown in Fig. 1 is negligible and, hence, it is not 

accounted in state-space modeling. To track the 

desired compensator currents, the VSIs operate 

under the hysteresis band current control mode 

due to their simplicity, fast re- sponse, and being 

independent of the load parameters [30]. The 

DSTATCOM injects currents into the PCC in 

such a way as to cancel unbalance and 

harmonics in the load currents. The VSI 

operation is supported by the dc storage 

capacitor   with voltage   across it. The dc 

bus voltage has two functions, that is, to support 

the compensator operation and to supply dc 

load. While compensating, the DSTATCOM 

maintains the balanced sinusoidal source 

currents with unity power factor and supplies the 

dc load through its dc bus. 

 

III. STATE-SPACE MODEL OF THE DSTATCOM 

 

For the DSTATCOM topology shown in Fig. 

1, the pairs of switches -  and -  are 

always ON and OFF in compli- mentary mode. 

The ON and OFF states of these switches are rep- 

resented by a binary logic variable  and its 

complement . Thus, when switches  -  are 

ON, it implies that switches -   are OFF. 

This is represented by    , 

and vice versa. In a similar way,  and 

represent gating signals for switches - - 

 - -  
respectively. Using these notations for the system 

shown in Fig. 1, the state-space equations are 

written as follows: 

 

(2) 

 

where state vector   and input vector    are given 

by 

 

 

                                       (3) 

(4) 
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where the superscript stands for the 

transpose operator. System matrix and 

input matrix are given as follows: 

 

 

 

(5) 

 

 

 

(6) 

 

 

Using the above state-space model, the system 

state variables   are computed at every instant. 

 

IV. DC-LINK VOLTAGE CONTROLLERS 

As mentioned before, the source supplies an 

unbalanced non- linear ac load directly and a dc 

load through the dc link of the DSTATCOM, as 

shown in Fig. 1. Due to transients on the load 

side, the dc bus voltage is significantly affected. To 

regulate this dc-link voltage, closed-loop 

controllers are used. The propor- tional-integral-

derivative (PID) control provides a generic and 

efficient solution to many control problems. The 

control signal from PID controller to regulate dc 

link voltage is expressed as 

 

 

(7) 

 

In (7), , and  are proportional, integral, and 

deriva- tive gains of the PID controller, 

respectively. The proportional term provides 

overall control action proportional to the error 

signal. An increase in proportional controller gain    

reduces rise time and steady-state error but 

increases the overshoot and settling time. An 

increase in integral gain   reduces steady- state 

error but increases overshoot and settling time. 

Increasing derivative gain  will lead to 

improved stability. However, practitioners have 

often found that the derivative term can be- have 

against anticipatory action in case of transport 

delay. A cumbersome trial-and-error method to 

tune its parameters made many practitioners switch 

off or even exclude the derivative term [31], [32]. 

Therefore, the description of conventional and 

the proposed fast-acting dc-link voltage 

controllers using PI con- trollers are given in the 

following subsections. 

 

A. Conventional DC-Link Voltage Controller 

The conventional PI controller used for 

maintaining the dc-link voltage is shown in Fig. 2. 

To maintain the dc-link voltage at the reference 

value, the dc-link capacitor needs a certain 

amount of real power, which is proportional to 

the dif- ference between the actual and reference 

voltages. The power required by the capacitor 

can be expressed as follows: 

 

  (8) 
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Fig. 2. Schematic diagram of the conventional 

dc-link voltage controller. 

 

Fig. 3. Schematic diagram of the fast-acting dc-

link voltage controller. 

 

 

 

The dc-link capacitor has slow dynamics 

compared to the compensator, since the 

capacitor voltage is sampled at every zero 

crossing of phase supply voltage. The sampling 

can also be performed at a quarter cycle 

depending upon the symmetry of the dc-link 

voltage waveform. The drawback of this 

conven- tional controller is that its transient 

response is slow, especially for fast-changing 

loads. Also, the design of PI controller param- 

eters is quite difficult for a complex system and, 

hence, these pa- rameters are chosen by trial and 

error. Moreover, the dynamic response during 

the transients is totally dependent on the values 

of  and  when  is comparable to . 

B. Fast-Acting DC Link Voltage Controller 

To overcome the disadvantages of the 

aforementioned con- troller, an energy-based 

dc-link voltage controller is proposed. The 

energy required by the dc-link capacitor to 

charge from actual voltage  to the reference 

value  can 

be computed as 

 

  (9) 

 

In general, the dc-link capacitor voltage has 

ripples with double frequency, that of the 

supply frequency. The dc power 

required by the dc-link capacitor is given as 

 

  (10) 

 

where  is the ripple period of the dc-link 

capacitor voltage. Some control schemes have 

been reported in [33] and [34]. However, due to 

the lack of integral term, there is a steady-state 

error while compensating the combined ac and 

dc loads. This is eliminated by including an 

integral term. The input to this controller is the 

error between the squares of reference and the 

actual capacitor voltages. This controller is 

shown in Fig. 3 and the total dc power required 

by the dc-link capacitor is computed as follows: 

 

        (11) 

 

The coefficients  and  are the proportional 
and integral gains of the proposed energy-based 
dc-link voltage controller. 
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As an energy-based controller, it gives fast 

response compared to the conventional PI 

controller. Thus, it can be called a fast- acting 

dc-link voltage controller. The ease in the 

calculation of the proportional and integral gains 

is an additional advantage. The value of the 

proportional controller gain  can be given as 

 

  (12) 

 

For example, if the value of dc-link capacitor is 

2200 F and the capacitor voltage ripple period as 

0.01 s, then  is com- puted as 0.11 by using 

(12). The selection of  depends upon the 

tradeoff between the transient response and 

overshoot in the compensated source current. 

Once this proportional gain is se- lected, integral 

gain is tuned around and chosen to be 0.5. It is 

found that if  is greater than , the 

response tends to be oscillatory and if  is less 

than  , then response 

tends to be sluggish. Hence,  is chosen to be 

 . 

 

V. DESIGN OF CONVENTIONAL 

CONTROLLER BASED ON THE FAST-

ACTING DC-LINK VOLTAGE 

CONTROLLER 

The conventional dc-link voltage controller 

can be designed based on equations given for the 

fast-acting dc-link voltage con- troller as in (11) 

and can be written as 

 

(13) 

 

It can be also written as 

TABLE I 
SIMULATION 
PARAMETERS 

 

 

 

where             and 

 

 

(20) 
 

 

where        . Since is the same as

 , the higher gain in 

the conventional PI controller renders less sta- 

bility than that of the proposed energy-based dc-

link controller. For nearly the same performance, 

the conventional PI controller has gains which are 

364 (40/0.11 from Table I) times larger than that of 

that proposed one. Also, the amplifier units used 

to re- alize these gains need more design 

considerations and are likely to saturate when 

used with higher gains. 

 

 

   
 

where 

(

1

4

) 

 

 

 

(15) 

(16) 
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VI. SELECTION OF 

THE DC-LINK 

CAPACITOR 

The value of 

the dc-link 

capacitor can be 

s

e

l

e

c

t

e

d based on its ability to regulate the voltage 

under transient conditions. Let us assume that 

the compensator in Fig. 1 is connected to a 

system with the rating of kilovolt amperes. The 

energy of the system is given by J/s. Let 

us further assume that the compensator deals 

with half (i.e., ) and twice (i.e., 

It is observed from the aforementioned 

equations that the gains of proportional and 

integral controllers vary with respect to time. 

However, for small ripples in the dc-link voltage, 

, therefore, we can approximate the above 

gains to the fol- lowing: 

 

(17) 

(18) 

 

The relations (17)–(18) give approximate gains 

for a conven- tional PI controller. This is due to 

the fact that is not really equal to

 until variation in is small 

during transients. Hence, the designed conventional 

PI controller works only on approximation. The 

open-loop gains for the two cases are given by 

) capacity under the transient conditions for   

cycles with the system voltage period of s. Then, 

the change in energy to be dealt with by the dc 

capacitor is given as 

 

(21) 

 

Now this change in energy (21) should be 

supported by the energy stored in the dc 

capacitor. Let us allow the dc capacitor to change 

its total dc-link voltage from 1.4  to 1.8  

during the transient conditions where    is the 

peak value of phase voltage. Hence, we can 

write 

 

(22) 

 

which implies that 

 

(19) (23) 
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For example, consider a 10-kVA system (i.e., 

10 kVA), system peak voltage     325.2 V,      

0.5, and       0.02 s. The value of  computed 

using (23) is 2216 F. Practically, 2000 F is 

readily available and the same value has been 

taken for simulation and experimental studies. 

 

VII. SIMULATION STUDIES 

The load compensator with H-bridge VSI 

topology as shown in Fig. 1 is realized by digital 

simulation by using MATLAB. The load and the 

compensator are connected at the PCC. The ac 

load consists of a three-phase unbalanced load and 

a three-phase diode bridge rectifier feeding a 

highly inductive R-L load. A dc load is realized 

by an equivalent resistance as 

shown in the figure. The dc load forms 50% of 

the total power re- quirement. The system and 

compensator parameters are given in Table I. 

By monitoring the load currents and PCC 

voltages, the average load power is computed. At 

every zero crossing of phase    voltage,  is 

generated by using the dc-link voltage 

controller. The state-space equations are solved 

to compute the actual compensator currents and 

dc-link voltage. These actual currents are 

compared with the reference currents given by 

(1) using hysteresis current control. Based on 

the comparison, switching signals are generated 

to compute the actual state vari- ables by solving 

the state-space model given in (2). The source 

voltages and load currents are plotted in Fig. 

4(a) and (b). The load currents have total 

harmonic distortions of 8.9%, 14.3%, and 21.5% 

in phases    and , respectively. The unbalance 

in load currents results in neutral current as 

illustrated in the figure. 

The compensator currents and compensated 

source currents are shown in Fig. 4(c) and (d). 

As seen from Fig. 4(d), the source currents are 

balanced sinusoids; however, the switching 

frequency components are superimposed over the 

reference cur- rents due to the switching action of 

the VSI. The currents have a unity power factor 

relationship with the voltages in the respec- tive 

phases. The THDs in these currents are 3.6%, 

3.7%, and 3.9% in phases    and , respectively. 

There are notches in the source currents due to 

finite bandwidth of the VSI. 

The transient performance of the conventional 

and fast-acting dc-link voltage controllers are 

studied by making sudden changes in the ac load 

supplied by the ac load bus as well as the dc load 

supplied by the dc link. In the simulation study, 

the load is halved at the instant   0.4 s and brought 

back to full load at 0.8 s. The transient 

performance is explained in the following 

subsections. 

A. Transient Performance of Conventional DC-

Link Voltage Controller 

The conventional dc-link voltage controller as 

given in (8) is used to generate the dc load power 

   which is inclusive of losses in the inverter. 

The transient performance of the compen- sator is 

shown in Fig. 5(a) and (b). The total load, which 

is a combination of linear unbalanced and 

nonlinear load (as given in Table I), is halved at 

the instant 0.4 s. Due to a sudden re- duction in the 

load, the dc-link capacitor absorbs surplus power 

from the source. Therefore, there is an increase in 

dc-link ca- pacitor voltage above the reference 

value. Based on the values 
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Fig. 4. (a) Supply voltages. (b) Load currents. 
(c) Compensator currents. (d) Compensated 
source currents. 

 

 

of PI controller gains, the dc-link capacitor 

voltage controller will be brought back to the 

reference value after a few cycles. 

Similarly, when the load is switched back to 

the full load at instant 0.8 s, the dc capacitor 

supplies power to the load mo- mentarily and, 

hence, the dc-link voltage falls below the refer- 

ence value. Due to the PI controller action, the 

capacitor voltage will gradually build up and 

reach its reference value. If gains of the 

conventional dc-link voltage controller are not 

properly chosen, the dc-link voltage would have 

undesirable overshoot and considerably large 

settling time. Consequently, the perfor- mance of 

the load connected to the dc link also gets affected 

due to the above factors. It can be observed 

from Fig. 5(a) and (b) 
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Fig. 5. Transient response of the conventional 
controller. (a) Compensated source current in 
phase . (b) DC-link voltage. 
 

 

that the conventional dc-link voltage controller 

takes about a ten cycle period to reach the 

reference voltage during load transient. This is 

indicated by time duration  in these figures. 

 

B. Transient Performance of Fast-Acting 

DC-Link Voltage Controller 

The dc load power  is computed by using 

the fast-acting dc-link voltage controller as 

given in (11). Transients in the load are 

considered the same as in the above 

simulation study. Fig. 6(a) and (b) illustrates 

the phase source current and dc-link capacitor 

voltage during the load transients. 

At the instant   0.4 s, the capacitor voltage 

increases due to the sudden removal of the 

load. The fast-acting dc-link voltage controller 

takes action at the instant   0.41 s. This is 

because the controller output is updated at 

every half cycle. It computes the dc load 

power  needed to bring the capacitor 

voltage to the reference value in a half cycle. 

Therefore, the dc-link voltage reaches its 

reference voltage at the instant        0.42 s. 

When the dc-link voltage is more than the 

reference value,  is less. Therefore, the 

source currents are less in magnitude. 

At the instant 0.8 s, the dc-link voltage falls 

below the reference voltage due to a sudden 

increase in load. As explained earlier, the fast-

acting controller brings the dc-link voltage to 

its reference value at 0.82 s with almost the 

same rise in voltage as that of the 

conventional dc-link voltage controller. A 

close observation of the figure would reveal 

that the fast-acting dc-link voltage controller 

can regulate the capacitor voltage within a 

half cycle period which is indicated by . 

Owing to its good transient performance, it is 

preferred over the conven- tional dc-link 

voltage controller. 
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Fig. 6. Transient response of the fast-acting controller. (a) Compensated source current in phase . (b) DC-
link voltage. 

 

 

 
 

Fig. 9. Source currents and dc-link voltage with a conventional dc-link voltage controller. 

 

 

 
Fig. 10. Source currents and dc-link voltage with a fast-acting dc-link voltage controller. 
 

 

CONCLUSION 

A VSI topology for DSTATCOM 

compensating ac unbal- anced and nonlinear 

loads and a dc load supplied by the dc link of 

the compensator is presented. The state-

space modeling of the DSTATCOM is 

discussed for carrying out the simulation 

studies. An energy-based fast-acting dc-link 

voltage controller is suggested to ensure the 

fast transient response of the com- pensator. 

Mathematical equations are developed to  

compute the gains of this controller. The 

efficacy of the proposed controller over the 

conventional dc-link voltage controller is 

established through the digital simulation and 

experimental studies. It is ob- served from 

these studies that the proposed dc-link voltage 

con- troller gives fast transient response 

under load transients. 
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