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Abstract—The proliferation of power electronics-based 

industrial and domestic equipment which has degraded the 
power quality in power distribution networks due to non-linear  
load impedance. The Distribution STATic COMpensator 
(DSTAT-COM) has proved to be a useful custom power device to 
eliminate harmonic components and to compensate reactive 
power for balanced/unbalanced linear/nonlinear loads. This 
paper presents a novel control strategy to calculate the reference 
compensation current of three phase DSTATCOM under 
distorted utility condition at instantaneous state. In this proposed 
approach a digital PI controller has been implemented on FPGA 
to make the process faster and enable the design to be 
independent of process technology. The performance of the 
system simulated in Matlab Platform and evaluated considering 
the source current total harmonic distortion. The VHDL design 
has been implemented    using ISE10.1 tool from Xilinx. This is 
tested on a board with hardware configuration such as FPGA - 
XC2VP4 with on chip PowerPC-405 Processor, ADC AD9240-14 
bit 10MSPS analog input channel, DAC AD7541-12-bit of 
conversion time–100ns with System clock 40 MHz.  

 Keywords—Field programmable gate Array;Distribution Static 
Compensator;proportional integral controller. 

I. INTRODUCTION 

During the last decade, there has been sudden increase in 
the nonlinear load (Computers, Laser printers, SMPS, 
Rectifier, Cyclo-converters etc.), which degrades the power 
quality causing a number of disturbances e.g. heating of home 
appliances, noise etc., in power systems[1][2] due to 
harmonics.  

To compensate the harmonics due to nonlinear load, a 
custom power device DSTATCOM is used [3]. The 
performance of DSTATCOM largely depends on the control 
strategies used for reference current extraction. The control 
strategy used conventionally, were based on active and 
reactive power are found unsuitable for unbalanced and 
distorted utility conditions. Significant contribution for 
development of control algorithm was made by Budeanu and 
Fryze[5]. They provide power definition in frequency and 
time domain and  set the pathways for development universal 
set power definitions which led to the development of p-q 
theory by Akagi [5][6]. 

 Implementation of digital PI controller has gone through 
several stages of evolution, from the early mechanical and 
pneumatic designs to the microprocessor based systems but 
these systems have the drawback of demanding control 
requirements of modern power conditioning systems which 
will overload most of the microprocessors and the computing 
speed limits the use of microprocessor in complex algorithms. 
Recently, Field Programmable Gate Arrays (FPGA) has 

becoming alternative solution for the realization of digital 

control systems. The FPGA based controllers offer advantages 

such as high speed computation, complex functionality, real 

time processing capabilities and low power consumption 

[9][10]. In this paper we consider discrete time PI controller 

and is implemented in a dedicated FPGA. Following the 

standard digital design practices, the controller functionality is 

described in Very High Speed Integrated Circuit Hardware 

Description Language (VHDL). Using synthesis tool, the 

design is then targeted to the FPGA board. 
In this paper performance of proposed control strategy is 

investigated in three phase three wire system for 
balanced/distorted source and non-linear balanced /unbalanced 
Load for mitigation of harmonics and compensation of 
reactive power with digital PI controller which defines the 
problem statement. The measures of the performance is the 
source current total harmonic distortion  

Rest of the paper is organized as follows. In section II 
system configuration and in section III brief discussion on 
proposed control strategy is presented. In section IV general 
structure & FSMD architecture of digital PI controller are 
presented and in section V the performance indices used for 
evaluation are discussed. Simulation results are described in 
section VI. Finally in section VII, conclusion is drawn. 

II. SYSTEM CONFIGURATION 

Fig.1 shows the basic circuit diagram of a DSTATCOM 
[3][7][8] system with non-linear  and linear load connected to 
three phase three wire distribution system. A nonlinear load is 
realized by using a three phase full bridge diode rectifier. A 
three phase voltage source converter (VSC) working as a 
DSTATCOM is realized using six insulated gate bipolar 



 

 

transistors (IGBTs) with anti-parallel diodes. At ac side, the 
interfacing inductors are used to filter high frequency 
components of compensating currents.  

The first harmonic load currents of positive sequence are 
transformed to DC quantities. The first harmonic load currents 
of negative sequence and all the harmonics are transformed to 
non-DC quantities and undergo a frequency shift in the 
spectrum. 

The voltage regulator in the converter DC side is 
performed by a proportional–integral (P-I) controller. Its input 
is the capacitor voltage error (vdcref-vdc) and it regulates the 
first harmonic active current of positive sequence. It is 
possible to control the active power flow in the VSC and thus 
the capacitor voltage Vdc remains constant. 

The dynamics of each VSC are modeled by solving 
differential equations governing two-level inverter. The 
switching of the inverter is done by monitoring the reference 
and actual currents and comparison of error with the hysteresis 
band of hysteresis controller (HCC) which is most suitable for 
all the applications due to its unconditioned stability, fast 
response, good accuracy and easy implementation with 
minimum hardware. The VSC model is based on discrete 
switching variables ga, gb, gc [4]. 
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The R–L network on the ac side of the converter is represented 
by three differential equations. 
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The  dc side equations are defined as 
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The equation for discrete PI controller is defined as 

  ( ) ( 1) { ( ) ( 1)} ( )p iu n u n k e n e n k e n  (5)  

Where u(n)= PI controller output, e(n)=Vdcref-Vdc , Kp =  
Proportional gain constant and Ki= Integral constant of PI  
Controller. The equation of HCC is defined as 
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                   If   
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                        gk=0  

                        end 
Where k= phase a, b and c. 

 

Fig.1 system configuration of DSTATCOM 

III. PROPOSED CONTROL STRATEGY 

This control strategy is best suitable for distorted utility 
condition. It is based on instantaneous symmetrical component 
theory in instantaneous state. The main objective to find out 
active fundamental source peak current.  

The reference compensating current is equal to the 
difference between estimated source and load current.Fig.2 
shows the control structure of proposed controller. The peak 
source current is estimated as                                                             
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Prime objective is to make source current balanced. 

   0a b ci i i    (8)    

 Let formulate all powers in time domain. Zero sequence, 
positive sequence and Negative sequence complex power are 
denoted as  s0, s+ and s- . The real power of  zero sequence 
,positive sequence  and negative sequence are denoted as p0,p+ 
and p-. The imaginary power of  zero sequence, positive 
sequence  and negative sequence are denoted as q0,q+ and q-

.The instantaneous voltage and current of zero sequence 
,positive sequence  and negative sequence are denoted as v0,v+ 
,v- and i0,i+,i- respectively. Let zero sequence power is 
formulated as 
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Let calculate the positive sequence power. 
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Let calculate the negative sequence power. 
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Where total Instantaneous active power is defined as 
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    In equation (12) putting   ia+ib+ic=0   , We get                          
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Where k=a, b, c  and Uck1  is fundamental unit vector 

template.

 

Fig.2 Control structure of proposed algorithm 

 

  Fig.2 shows the basic control structure of proposed 
algorithm which constitutes one PI controller; low pass filters 
(LPF1 and LPF2) and arithmetic calculators. The average 
power plav is calculated by adding PI output (Ploss) to LPF2 
output. LPF1 is used to extract the fundamental from distorted 
PCC (point of common coupling) voltage. 

IV. DIGITAL PI CONTROLLER 

A. General Structure 

The PI controller is derived from the generic PID 
controller equation. The PID(proportional-integral-derivative) 
controller is expressed as: 
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Kp=proportional gain, Ti=integral time constant, Td=derivative 
time constant. The above equation is described for small 
sampling time T to be implemented by digital system.The 
differential equation is given by: 
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Where Ki=kpT/Ti inttegral coefficient, Kd=kpTd/T   derivative 
coefficient. To derive the recursive algorithm first calculate 
u(n-1). 
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Then calculating the correction term as: 
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The control output is calculated as: 

 ( ) ( 1) ( )u n u n u n   (22)   

 0 1 2( ) ( 1) ( ) ( 1) ( 2)u n u n k e n k e n k e n  (23)   

For PI controller kd=k2=0, Putting the value of k0, k1, k2in 
equation (22) we get: 

 ( ) ( 1) ( ) ( ) ( ) ( 1)p i pu n u n k k e n k e n   (24)  

   1 2( ) ( 1) ( ) ( 1)u n u n C e n C e n  (25)   

Where   C1=kp+ki   
 
and C2=-kp . 

 ( ) ( 1) { ( ) ( 1)} ( )p iu n u n k e n e n k e n  (26)   



 

 

B. FSMD architecture of PI Controller 

 
FSMD architecture implements the FSMD model by 

combining a controller with a data path which is depicted in 
Fig.3. 

 

 
Fig.3 FSMD high level block diagram 

 
The behavior of the PI Controller is deduced in data flow 

graph (DFG) which is illustrated in Fig.4. Thus, we have 
chosen to work on 14 bit signed integer coding and thousandth 
order of precision. 

 

 

Fig.4 DFG of PI controller 

 

 For the given system, there are several FSMD 
architectures that are different by their implementation results. 
In our application case, we have developed space optimized 
FSMD architecture. The command computing is carried out in 
a sequential way and the operators are implemented in the data 
path with multiple operator structure. 

 
Fig.5 shows data path unit structure adapted for a PI 

controller. According to the control signals, this unit allows 
restoring external data inputs and outputs results, to generate 
command value and to keep it at output. 

 

 
Fig.5 Data path structure 

The Fig.6 depicts the control unit with states. In this figure 
the FSMC (Finite State Machine controller) provides control 
signals to the data path and data path provides status signals to 
the FSMC. The data path consists of RAM, ALU, MUX and 
RESISTER which accepts the input signals. The FSM 
controller operates on 28 states for calculating the ploss_num. 
The computations of the following stages are carried out. 

Acquisition: 
.Vdcref  and Vdc   are loaded  from the corresponding 

registers for write operation. 

Calculation: 
For each calculation one state is used to read operands and 

select operators. Then one other state is used to save the result 
in DP RAM. At the end of this stage ploss_num is loaded on 
the register REG. 

Update: 
State transition has been occurred at the edge of FSMC 

clock signal. Initial state INIT from which the machine can be 
turned on when it is on rest (start=’0’) or on reset 
(reset=’1’).For normal operation it has to carry So to S27 
 

 

Fig.6 Control Unit  with States 

V. PERFORMANCE INDICES 

A. Total harmonic distortion 

The total harmonic distortion (THD) [11] is used to define 
the effect of harmonics on the power system voltage. It is used 
in low-voltage, medium-voltage, and high-voltage systems. It 
is expressed as a percent of the fundamental and is defined as 
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According to IEEE-519 the permissible limit for distortion in 
the signal is 5%. 

VI. RESULTS AND DISCUSSION 

 To investigate the performance of the DSTATCOM for 
proposed control strategy, simulations are performed on 
matlab platform. A three phase three wire distribution system 
with parameters given below is considered for simulation. 

A. System Parameters: 

Supply voltage: 50Vrms (L-N), 50Hz, three phase balanced 
Source impedance: Rs=0.1Ω, Ls=0.5mH 
Nonlinear load: Three phase full bridge diode rectifier with 
load ( L=10mH,RL=3.7Ω) 
DC storage Capacitor Cdc=2000µF 
Interface inductor Lf=5mH , Rf=0.1Ω 
DC Link voltage Vdc=100V 
Hysteresis band hb=0.25A 
Unbalanced Linear load: Za=67+j31.42Ω ,  Zb=37+j18.55Ω, 
Zc=28.5+j12.56Ω 

B. Design specification of Digital PI Controller: 

Controller sample time: 0.05ms  
Input data length: 14 bits   
Output data length: 12 bits   
PI regulator parameters: Kpr=1.0259,Kir=227.9288 
Arithmetic: fixed point 
The performance of the proposed control strategy is evaluated 
based on three different cases. 
Case1-  Balanced Source and balanced Non-Linear load 
Case2-  Balanced Source  and Unbalanced  Non-linear load. 
Case3-  Balanced distorted Source  and Unbalanced  Non-
linear load. 

In case 1  the source is assumed to be sinusoidal and 
balanced  whereas  the load is considered as non-sinusoidal  
and  balanced with load as six pulse diode full bridge rectifier. 
Before compensation the THD of load current is found to be 
23.2361%. After compensation the THD for proposed control 
strategy is listed in the Table1. In case 2 the source is 
balanced and sinusoidal but the load is unbalanced non –
sinusoidal (load current harmonic is found to be 22.2914%) 
.The THD of the load current for phase a after compensation 
is summarized in Table1.The results demonstrated here are 
considered for phase-a only. In case 3 the source is balanced 
and distorted (distorted voltage source harmonic is 
13.7477%) but the load is unbalanced non sinusoidal (load 
current harmonic is found to be 22.2914%) . The THD of the 
load current for phase a after compensation is summarized in 
Table 1.The results demonstrated here are considered for 
phase a only.  

C. Case 3  Proposed control strategy simulation 
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Fig.7a Balanced distorted source voltage,Unbalanced Load current, 

Phase a Load current 

0 5 10 15 20 25 30 35 40 45 50
0

1

2

3

4

5

6

Harmonics of Load current  

(Harmonic number)

Am
litu

de
(A

mp
s)

 
Fig.7b Harmonics of Load current of Phase a 
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Fig.7c Phase A extracted Source current, Compensating 

Current and DC link Capacitor Voltage 
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Fig.7d Harmonics of extracted Source current 
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Fig.7e Unit power factor of compensated load 

Fig.7 (a, b, c, d, e ) shows the dynamic performance of the 
system. 

Table 1. THD% of extracted source current 

Control strategy 
THD(%) of Extracted source current 

CASE-1 CASE-2 CASE-3 

PROPOSED 3.6914 4.2566 4.7217 



 

 

D. Simulation of Digital PI Controller 

Fig.8a shows the RTL schematic of digital PI controller 

which works as per the DFG. The capacitor voltage vdc_num  

(data(13:0)) is the  output of ADC fed to data path unit and 

stored in DPRAM at state s0.After execution of all 28 states the 

ploss_num is obtained and fed to the DAC. Fig.8b shows the 

internal structure of TOP module which includes REG, RAM, 

MUX,ALU, FSMC interface with ADC module.Fig.8c shows 

the output of FSM controller. 

 
Fig.8a RTL Schematic of Top module 

 

 
Fig.8b Internal structure of Top module 

 

 
Fig.8c FSM controller output 

E. Implementation Result 

The design is implemented in VHDL using ISE10.1 tool 
from Xilinx. The testing board has hardware configuration 
such as FPGA - XC2VP4 with on chip PowerPC-405 
Processor, ADC - 14 bit, 10MSPS analog input channel is 
available using AD9240, DAC - One channel, using 12-bit 
DAC, AD7541of conversion time – 100ns with System clock 
40 MHz, DSO and Signal Generator. Fig.9 shows the resource 
utilization indicates the area consumed in FPGA. 

 

Fig.9 Device utilization summary 

VII. CONCLUSION 

 In all cases it is observed that proposed control strategy is 
working fine and able to compensate the nonlinear unbalanced 
load successfully. The THD obtained here are within the limit 
of 5% prescribed by IEEE 519. The digital PI controller has 
been implemented successfully on FPGA 
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