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and the voltage balance can be achieved. 

VI. EXPERIMENTAL RESULTS 

In order to verify the voltage regulation capability, the 

mPPT and the frequency loop, a prototype was implemented, 

depicted in Fig. 11, using the parameters given in Table II. At 

first, this paper presents experimental results for the mPPT, 

which were not presented in [6], and the frequency loop 

separately. At the end of the section the simultaneous 

operation of both proposed loops is presented, enhancing the 

results obtained in [6] and [11]. 

A. Prototype Implementation and Initialization 

The prototype uses analog control to compose the output 

and the dc bus voltage loops. The controllers are based on PI 

and PID controllers and designed via frequency response [6]. 

The θ and VPCC,dc are sampled by the digital signal processor 

(DSP) at fs via Analog-to-Digital Converters. On the other 

hand, the mPPT algorithm and the frequency loop are 

implemented in the DSP TMS320F28335. 

The apparent power is calculated using moving average 

filters (MAF) to obtain the rms current of the DSTATCOM. 

The MAFs have 80 samples for each period of the grid. The 

PCC voltage amplitude (VPCC) is intrinsic to the DSP and is set 

by the mPPT. The apparent power is given by the product of 

VPCC and the calculated rms current. The sum of the three 

apparent powers is applied to the mPPT. The voltage step of 

mPPT was set to 0.2 V with a period of 0.1667 s. 

For the fPCC measurement, the PCC voltage waveform is 

compared to zero and the signal period is counted with the 

Enhanced Capture Module of the DSP every 500 ms. Multiple 

zero crossings are filtered in order to improve the measure 

accuracy.  

After the update of VPCC and fref, the DSP generates the 

voltage references, according to Fig. 9. The output voltage 

loop receives the voltage references through Digital-to-Analog 

circuits. 

The DSP also protects the DSTATCOM against dc bus 

overvoltage and overload, and performs routines as pre-

charging and synchronization. 

The initialization procedure is depicted in Fig. 12. At the 

time t0 the auxiliary contactor (AC) closes and inserts the pre-

charge resistors (PCR) in series with the DSTATCOM while 

the PWM is maintained disabled. The dc bus charges through 

the switches diodes, as shown in Fig. 13. Meanwhile, the PLL 

circuit synchronizes the voltage references with the PCC 

voltages. 

 
Fig. 11.  Voltage regulator experimental setup 

 
Fig. 12.  Single-phase representation of the voltage regulator initialization 

circuits 

 
Fig. 13.  Dc bus voltages during the DSTATCOM initialization 

 
Fig. 14.  PCC voltages without compensation for linear loads 

 
Fig. 15.  PCC voltages with compensation for linear loads 
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At the time t1, the main contactor (MC) short circuits the 

PCR and the PWM is enabled. The dc bus voltage reference 

rises with a slow slope to avoid overshoot. At the time t2, AC 

is opened. 

B. Linear Loads 

The linear loads are composed of 10.4 kW three-phase 

resistive loads. The PCC voltage amplitude without 

compensation is 212 V according to Fig. 14. One can see that 

the PCC voltages contain some harmonic distortion inherent to 

low voltage distribution grids. The compensated PCC voltage 

was arbitrarily chosen as 220 V. The PCC voltages are 

regulated with low THD (0.2%), as shown in Fig. 15. 

The compensation currents have different rms values for 

each phase, highlighting the natural unbalance of the low 

voltage grids. The harmonic distortion present in the grid 

voltage is compensated by the regulator. Fig. 16 presents the 

compensation current waveforms. 

The quality of the b-phase grid current (igb) for linear loads 

is shown in Fig. 17. The voltage regulator supplies the load 

with low THD voltages, as seen by the load current (iLb). The 

harmonic content in igb is given by the grid voltage distortions. 

C. Nonlinear Loads 

The considered nonlinear loads are three 2 kVA single-

phase rectifiers with a capacitive filter, one in each phase 

added to 5.2 kW three-phase resistive loads. The PCC voltage 

amplitude without compensation is 203 V with 6.4% THD, as 

shown in Fig. 18. The compensated PCC voltage is depicted in 

Fig. 19, having three regulated and sinusoidal waveforms with 

0.6% THD. 

The compensation currents contain the fundamental 

frequency for the reactive compensation and all the harmonic 

distortion from the nonlinear loads, as seen in Fig. 20. 

The b-phase grid current (igb) waveform for nonlinear load 

is shown in Fig. 21. The voltage regulator absorbs the 

harmonic content from the load current (iLb) leaving igb free of 

load harmonic distortions. Comparing igb from Fig. 21 and 

Fig. 17, one can notice the grid current waveforms present 

similar distortions from the grid voltage. 

D. mPPT 

The behavior of the voltage amplitude loop for linear loads 

is depicted in Fig. 22. The initial value for the voltage 

amplitude is 1.00 p.u. (220 V) and decreases to 0.9545 p.u. 

(210 V). As the mPPT gets close to the minimum power, the 

current amplitudes are small and the measurement precision 

becomes relevant. In the present case, the mPPT algorithm has 

large oscillations around the mPP. The processed power 

depicted in Fig. 23 decreases from 8 kVA to 1.6 kVA, a 

reduction of around 80%. The remaining 1.6 kVA is Smin, the 

minimal necessary power for DSTATCOM operation, 

composed of active power (converter losses) and grid voltage 

 
Fig. 16.  Voltage regulator currents for linear loads 

 
Fig. 17.  Grid, load and voltage regulator currents for linear loads 

 
Fig. 18.  PCC voltages without compensation for nonlinear loads 

 
Fig. 19.  PCC voltages with compensation for nonlinear loads 

 



0885-8993 (c) 2016 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.2017.2693239, IEEE
Transactions on Power Electronics

 8 

harmonic distortions. The processed currents, as expected, are 

near zero in steady state, according to Fig. 24. 

The mPPT algorithm was also evaluated with nonlinear 

loads. The initial value for the voltage amplitude is 1.00 p.u. 

and decreased to 0.9609 p.u. (211 V), as shown in Fig. 25. The 

apparent power reduction is lower than the linear case, of 

around 51%, from 7.6 kVA to 3.7 kVA, according to Fig. 26. 

The harmonic currents from the nonlinear loads contribute 

significantly to the increase of Smin. 

In the nonlinear load case, the processed currents are mostly 

composed of the harmonic distortion of the load, as seen in 

Fig. 27. 

E. mPPT Dynamic under Grid Voltage Variation 

To evaluate the mPPT dynamic under grid voltage 

variations, the grid voltage was increased by steps from 1.0 

p.u. to 1.079 p.u., simulating a voltage swell. The voltage 

regulator starts with the mPPT in steady state. Fig. 28 depicts 

a-phase waveforms of total dc bus voltage (vo), PCC voltage 

(va), grid voltage (vga) and compensation current (ia) under the 

increasing of the grid voltage. After each step, ia increases to 

keep va in the previous value. The mPPT goes toward the new 

mPP, but reaches Vmax first. The PCC voltage is regulated at 

Vmax (1.04 p.u.) and the voltage regulator process 1.43 kVA. 

To simulate sag, the grid voltage was decreased by steps 

from 1.0 p.u. to 0.866 p.u. After each step, the amplitude of ia 

increases and the mPPT constantly seeks the new mPP. 

However, the mPPT reaches Vmin and the voltage regulator 

must inject reactive power in the PCC. PCC voltages are 

regulated at Vmin (0.934 p.u.) with low THD, as shown in Fig. 

29 (a). The processed power is 4.88 kVA. The total dc bus 

voltage performance under the grid voltage steps is presented 

in Fig. 29 (b), which deviates around 1.25% from the mean 

value. 

With the PCC voltages between Vmin and Vmax, the voltage 

regulator meets the grid code and provides adequate voltage to 

customers. 

F. Frequency Loop 

The DSTATCOM is connected to a low-voltage grid and is 

subject to frequency variations around fg. An example of the 

sampled fPCC and the updated fref during the experimentations 

is shown in Fig. 30. 

The compensation angle (θ) and the total dc bus voltage (vo) 

during 100 seconds are presented in Fig. 31. The 

compensation angle varies without a defined pattern in 

opposition to grid frequency variations. The total dc bus 

 
Fig. 20.  Voltage regulator currents for nonlinear loads 

 
Fig. 21.  Grid, load and voltage regulator currents for nonlinear loads 

 

 
Fig. 22.  PCC rms value with linear loads 

 
Fig. 23.  Processed apparent power with linear loads 

 
Fig. 24.  Voltage regulator currents with mPPT enabled for linear loads 
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voltage is kept regulated at the nominal value and the ripples 

are caused by the frequency updates. 

As cited in Section IV, the reference frequency update 

cannot maintain a safe operation under any kind of 

disturbances, or indefinitely. In this case, a frequency 

protection routine was implemented by adding a constant 

frequency to fPCC, leading the compensation angle back to 

zero. Fig. 31 presents an example of the protection routine, 

where the arrow indicates the activation of the protective 

routine at tp. The total dc bus voltage has a -12 V step 

perturbation and returns to nominal voltage.  

To verify the total dc bus voltage controller performance 

under the frequency loop, load perturbations are applied to the 

voltage regulator. Fig. 31 shows that the total dc bus voltage 

remains regulated under sudden load changes, from 5.2 kW to 

10.4 kW at t1 and backward at t2. 

G. mPPT and Frequency Loop 

The simultaneous operation of the proposed loops to 

compose the DSTATCOM is also evaluated. In Fig. 32 the 

compensation angle and the a-phase current are presented. The 

a-phase current is near zero as the mPPT is in steady state. At 

to, the grid voltage is slightly perturbed in order to move the 

operating point from the mPP. The a-phase current decreases 

with the time due to actions of the mPPT and reaches a new 

mPP. During the mPPT perturbations, the compensation angle 

changes as the grid frequency varies due to the frequency 

loop. 

VII. CONCLUSION 

This paper presents a three phase DSTATCOM as a voltage 

regulator and its control strategy, composed of the 

conventional loops, output voltage and dc bus regulation 

loops, including the voltage amplitude and the frequency 

loops. 

Experimental results demonstrate the voltage regulation 

capability, supplying three balanced voltages at the PCC, even 

under nonlinear loads. 

 
Fig. 28.  Total dc bus voltage, PCC voltage, grid voltage and voltage 

regulator current waveforms of a-phase with mPPT enabled with grid swell 

 
Fig. 29.  (a) Total dc bus voltage, PCC voltage, grid voltage and voltage 

regulator current waveforms of a-phase and (b) detail of total dc bus voltage 

performance with mPPT enabled with grid sag  

 
Fig. 25.  PCC rms value with nonlinear loads 

 
Fig. 26.  Processed apparent power with nonlinear loads 

 
Fig. 27.  Voltage regulator currents with mPPT enabled for nonlinear loads 

 



0885-8993 (c) 2016 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.2017.2693239, IEEE
Transactions on Power Electronics

 10 

The proposed amplitude loop was able to reduce the voltage 

regulator processed apparent power about 51 % with nonlinear 

load and even more with linear load (80%). The mPPT 

algorithm tracked the minimum power point within the 

allowable voltage range when reactive power compensation is 

not necessary. With grid voltage sag and swell, the amplitude 

loop meets the grid code. The mPPT can also be implemented 

in current-controlled DSTATCOMs, achieving similar results. 

The frequency loop kept the compensation angle within the 

analog limits, increasing the autonomy of the voltage 

regulator, and the dc bus voltage regulated at nominal value, 

thus minimizing the dc bus voltage steady state error. 

Simultaneous operation of the mPPT and the frequency loop 

was verified. 

The proposed voltage regulator is a shunt connected 

solution, which is tied to low voltage distribution grids 

without any power interruption to the loads, without any grid 

voltage and impedance information, and provides balanced 

and low-THD voltages to the customers. 
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Fig. 32.  Compensation angle and voltage regulator current of a-phase with 

mPPT and frequency loop enabled 
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