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Abstract: In this paper, we propose a new Zero Direct Power Control (ZDPC) technique
for active compensation of harmonics and reactive power, using shunt active power filter
(SAPF), based on cancellation of instantaneous active and reactive power disturbances by
comparison with their zero references. To separate harmonic and fundamental components
of the line voltage and current a highly selective filter (HSF) has been used. Depending on
the power errors and line voltage vector position, a switching table produces the appropriate
control vectors leading to the active and reactive power variation required to reach the
zero power references, even under grid voltage unbalanced and distorted conditions.
The experimental validation of the proposed ZDPC has been performed. The results are
compared to other recent techniques to demonstrate the superiority and feasibility of the
proposed strategy.
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1. Introduction

The harmonic pollution affects all domestic and industrial grids. No modern environment such as
computers, servers, air conditioners, speed controllers efc. can escape this equipment pollution.
All these so called “non-linear” loads seriously affect the quality of the grid current and voltage [1,2].

The different current disturbance identification methods can be classified into two families.
The first one, in the frequency domain, is based on the use of a Fast Fourier Transform (FFT) to extract
the current harmonics. This method is well suited for loads where the harmonic content varies slowly.
It also offers the advantage of selecting individual harmonics and compensating the most dominant
harmonic. It should be pointed out that this method is too time consuming because of all the required
real-time transformations for the extraction of harmonics.

The second family, in the time domain, is based on the computation of instantaneous power.
The method of instantaneous active and reactive power was developed in many applications [1-4].
But the disadvantage is that it gives correct results only for a healthy grid, i.e., balanced and
undistorted voltage [5,6].

The principle of DPC for Pulse Width Modulation (PWM) converters was proposed for the first
time in 1986 [7] and developed later for other many applications. The DPC purpose essentially was to
remove both the PWM modulator and the internal regulation loops by replacing them by a predetermined
switching table. The first DPC control type configuration has been proposed in [8], for the direct
control of instantaneous active and reactive power of three-phase PWM rectifiers without grid voltage
sensors. Based on this approach, many studies have been developed for different power topologies.
The common objective of these studies was to ensure sinusoidal currents and a unity power factor with
a decoupled control of active and reactive power [9].

The standard DPC requires zero reactive power reference, while the active power reference is
calculated from the Direct Current (DC) bus controller output [10]. This paper proposes a DPC
technique, which in contrast to standard implementation, requires zero active and reactive power
disturbance references for rejecting any disturbance due to harmonics [11,12]. That is why it is called
Zero DPC or ZDPC. This paper presents the proposed ZDPC method.

It is organized as follows; Section 2 presents the principle of the standard DPC. Section 3 deals with
the detailed operation principle of the proposed ZDPC method. In Section 4, simulation results under
different conditions (balanced, unbalanced, distorted grid voltage) are presented and compared to
standard DPC [10]. Finally, in Section 5, we present the experimental validation of the proposed method.
Then we conclude the paper.

2. Principle of Standard DPC

The block scheme in Figure 1 shows the standard DPC configuration where the zero reactive power
gref and active power prer reference (delivered from the DC bus voltage controller) are compared with
the calculated ps and g5 values given respectively by Equations (1) and (2), by means of two level
hysteresis controllers [9,13—15]:

ps(t) = Usq " Isq  Usp " Isp + Vsc " Usc (1)
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1
qs(t) = ﬁ [(vsb - vsc)isa + (vsc - vsa)isb + (vsa - vsb)isc] (2)

where p;(¢) and g,(¢) are the instantaneous real and imaginary source power.
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Figure 1. Standard DPC control block diagram.

2.1. The Sector Choice

The digitized variables dps, dgs and grid voltage vector position 0 (Equation (3)), form a digital word,

for access to the address of switching table to select the appropriate control voltage vector:
Vg

0 = arctan <V_a) (3)

For this purpose, the stationary coordinates are divided into 12 sectors, as shown in Figure 2, and

the sectors can be numerically expressed as [9,13,14,16]. The digitized signal errors dps, dgs and

voltage phase 0, are the inputs of switching table shown in Table 1 whose output is the switching state

(Sa, Sv, Sc) of the converter. By using this switching table, the optimal state of the converter can be

selected uniquely during each time interval according to combination of the table inputs. The selection

of the optimal switching state is performed so that the power errors can be restricted within the
hysteresis bands.
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Figure 2. (0, B) sectors representation.
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Table 1. ZDPC switching table.

d, d, 0: 0, 03 04 05 06 0, 0s 0o 0w 6u  Bn

| 0 Ve ] Vi Vo %) V7 V3 Vo V4 V7 Vs Vo
1 V7 V7 Vo Vo V7 V7 Vo Vo V7 V7 Vo Vo

0 0 Ve Vi Vi %) %) V3 w3 V4 V4 Vs Vs Ve
1 Vi V2 V2 V3 V3 V4 V4 Vs Vs V6 V6 Vi

v1(100), va(110), v3(010), v4(011), vs(001), ve(101), vo(000), v-(111).

2.2. Hysteresis Controller

The main idea of the DPC method is to maintain the instantaneous active and reactive power within

a desired band. This control is based on two hysteresis comparators whose input is the error

between the reference and estimated values of the active and reactive power [9,13], given by
Equations (5) and (6), respectively:

Aps = Pref — Ds &)

Ags = Qref — Qs (6)

The hysteresis comparators are used to provide two logic outputs dps and dgs. The state “1”

corresponds to an increase of the controlled variable (ps and gs) while “0” corresponds to a decrease,

following Equations (7) and (8):
ifAps = hpd, = 1; if Aps < —h,d, =0 (7)
ifAqs = hgdy = 1; ifAq < —hgdg, =0 (8)

where /4, and 4, are the hysteresis bands.
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2.3. PI Controller

The DPC method must provide regulation of the DC bus to maintain the capacitor voltage around
the voltage reference (Vycrer). For this purpose a PI controller is generally used [13]. Figure 3 shows the
simulation model of the controller.

+ + +
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Vdc K 85 * i

\ 4

A

Figure 3. Simulation model of IP controller.

The values of proportional and integral gains, K, and K, are given respectively by the Equations (9)
and (10):

Wn
Ki=2¢ ©)
K, = 2Ctw, (10)

where §: damping coefficient (§ = 0.707), w,,: natural pulsation and K: anti-windup gain.
3. Principle of the Proposed ZDPC

Figure 4 shows the structure of the proposed ZDPC. In this control strategy, the active and reactive
power disturbance references are set to zero [11,12]. We note that in this structure the phase locked
loop (PLL) is no longer needed. The HSF filter is used to separate the fundamental and harmonic
components of the line currents and voltages to perform the power compensation (Figure 5).
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Figure 4. ZDPC Shunt Active Power Filter Synoptic.
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3.1. The HSF Filter

1589

To improve the performance of the conventional instantaneous power method, the HSF has been
implemented, for extracting the fundamental component of the current and voltage in the synchronous
frame without phase shifting or amplitude errors [17]. The block diagram of HSF is shown in Figure 6.
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Figure 6. Block diagram of HSF filter.

The transfer function of the filter can be expressed as follows [13]:

Xap(s) _ (s+k)+jo,
Xap (s + k) + w2

H(s) =
From the transfer Equation (11), we get:
K

2(5) = < [xa(5) — £(8)] ~ 25 25(5)

A K A (‘OC A
Xg(s) = ?[xg(s) - xB(s)] + ?xa(s)

(11)

(12)

(13)

where the quantities x_; and xop represent the output and input of the filter, respectively. They may be

either vep or igp. We note that for pulsation ® = o, the phase shift introduced by the filter is zero and the
gain is unity. We also observe that K value decrease improves the selectivity of HSF (Figure 7),

we chose K = 20.
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Figure 7. Bode plot of HSF filter.

From the HSF output, the ac component of active instantaneous power can be obtained by
Equation (14) [18]:
D = Uglna + Uing (14)
with inq and ixp given respectively by Equations (15) and (16):
iha = (Uaa = taa) + Gainy — Tainv) (15)
lng = (in - in) + (iBinv - iBinv) (16)
where the terms in, and i are the harmonic components in off axis. Meanwhile, the instantaneous

reactive power is defined by:

qs = ﬁBia - ﬁaiB (17)
3.2. Generation of Control Vector

Adding the AC component P of the instantaneous active power, related to both current and voltage
disturbances, to the active power pc, necessary for the dc bus regulation, we obtain the active power
disturbance p, which can be can be expressed as:

Pp =P~ Pc (18)

To compensate the active and reactive power (p, and g5) disturbances, a comparison with their zero
reference is done. The comparison results go through a hysteresis block that generates dps and dgs.
Depending on the selected sector (0,) and (dps, dgs), the appropriate control vector (Sa, Sb, Sc) is produced
by using the switching table (Table 1).

4. Simulation Results

To achieve the simulation of ZDPC technique, a model in Matlab/SIMULINK frame and
SimPower-Systems Block set, R2008b, Mathworks, USA, 2008, is developed. To compare the results
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obtained to those given by [10], the same system parameters specified in [10] and in the Appendix
have been used. The simulation is conducted for different grid voltage source conditions:

Case A: balanced sinusoidal grid voltage.
Case B: unbalanced sinusoidal grid voltage.
Case C: balanced distorted grid voltage.

Case D: unbalanced and distorted grid voltage.

4.1. Standard DPC Simulation

Figures 8—11 show the DPC simulation results under the different conditions; the corresponding
THD (Total Harmonic Distortion) values are given in Table 2.

Table 2. Grid voltage, load current and THDs under different grid voltage conditions.

Source voltage Load current

Vsa Vsb Vsc iLa iLp iLe

Case
rms THD rms THD rms THD rms THD rms THD rms THD

M W O K ®» | A P A P A (N

220 0.61 220 0.61 220 0.61 1533 2858 1533 2858 1533  28.58
220 0.61 180 0.80 138 1.18 13.85 2298 1273 2857 11.00 35.74
220 1283 220 12.83 220 1283 | 1498 29.69 1532 29.03 1571 28.65
220 1282 180 15.72 140 20.52 | 13.64 2341 1222 3198 11.65 33.70

O aw»>

4.1.1. Case A: Balanced Sinusoidal Grid Voltage

The results are shown in Figure 8, and summarized in Table 3. We observe a good compensation for
the line current, with a THD is = 0.86% reduced below the standard IEEE-519.

Table 3. Simulation results for DPC and ZDPC strategies under different grid conditions (A, B, C, D).

Source currents Filter currents
Control Isa ish Isc ifa ife im
Case .
strategies rms THD rms THD rms THD rms rms rms
(A) (%) (A) (%) (A) (%) (A) (A) (A)
A DPC 16.13 0.86 16.14 0.87 16.14 0.87 4.66 4.66 4.66
ZDPC 16.22 0.65 16.22 0.69 16.22 0.66 4.65 4.65 4.65
B DPC 1422 1248 13.57 1580 13.15 11.35 2.73 4.55 4.38
ZDPC 13.75 1.24 13.49 1.22 13.75 0.98 3.27 4.57 4.84
C DPC 16.23 6.09 16.07 6.58 16.21 6.47 4.99 4.55 4.56
ZDPC 16.26  0.72 16.16 0.72 16.22 0.76 4.82 4.60 4.74
D DPC 14.30 6.25 13.04 11.59 1340 10.24 3.42 4.4 4.52
ZDPC 13.81 1.48 13.52 1.53 13.81 1.22 3.32 4.75 4.53
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Figure 8. Simulation results for balanced sinusoidal grid voltage: (a) three-phase line voltages;
(b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line currents;
(e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.1.2. Case B: Unbalanced Sinusoidal Grid Voltage

For this case, the phase-b is unbalanced (va = 220 V, v, = 180 V, v¢ = 140 V), which gives a
Total Unbalance (TUv = 22.2%). Figure 9 and Table 3 show the results; compensation of line currents
is low (THDis = 12.48%, TUis = 4.20% and TUil = 10.37%)).
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voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line

currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.1.3. Case C: Balanced Distorted Grid Voltage

In this case the grid voltage is balanced but is distorted with a THDv = 12.83% as shown in Table 2.
The simulation results are shown in Figure 10, where we observe a low compensation line current

(THDis = 6.09%) for the three phases. Summary of the results is given in Table 3.
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Figure 10. Simulation results of balanced distorted grid voltage: (a) three-phase line

voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line

currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.1.4. Case D: Unbalanced and Distorted Grid Voltage

This is the worst case, as it is shown in Figure 11 and Table 2. The simulation results are shown
in Figure 11 and Table 3. Compensation of line current is low (THDis = 6.25%, TUis = 5.07% and

TUil = 8.43%).
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Figure 11. Simulation results for unbalanced distorted grid voltage: (a) three-phase line

voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line

currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.2. ZDPC Simulation

Figures 12—-15 show the simulation results of the proposed ZDPC technique for the different

conditions mentioned above and with parameters given in Table 2.

4.2.1. Case A: Balanced Sinusoidal Grid Voltage

The results are shown in Figure 12. It is observed that there is a good compensation for the line
current, and the THD is reduced below the standard IEEE-519 (THDis = 0.65%). Table 3 presents the
comparison between standard DPC and ZDPC. One can observe that both techniques give nearly the

same results.
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Case B: Unbalanced Sinusoidal Grid Voltage

e phase-b is unbalanced by 20% relatively to phase-a (vb = 180 V), while the phase-c is unbalanced

by 40% relatively to phase-a (Vc = 140 V) with TUv = 22.2%. Based on results of Figure 13,
we observe that unlike standard DPC, the proposed ZDPC shows its good performance for balancing
and improving the line currents (TUis = 1.27% and THDis = 1.24%). Table 3 summarizes the
comparison between standard DPC and ZDPC.



Energies 2015, 8§

M\
A
/\

25

1597

20

15

10

/\
ANA A
\/

A

063

064

i

/

I/

N

N

AN

ifabc
n =)
——
=

|

064

065

0.66

time (s)

(©)

067

068

069 07

AAAAA
vvvvvv

30 /"
2

1\

/N

A

Vsa ; isa

\/

\V//

\J

NS

065

\/

time (s)

(e)

069 07

ilabc
=)

-0

15

-0

25

“i62

063 0.64 0.65 067

AV

A

\

JVAVAVAVAVAVAVAVAVAVAVAVA

063 064 065 (.66

fime (s)

(d)

067 068 069

07

— Fundamental (50 Hz) = 19.43,
THD =1.24%

Mag(% of Fundamental)

Y R N T A

Harmonics order

)

2

Figure 13. Simulation results for unbalanced sinusoidal grid voltage: (a) three-phase line

voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line

currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current,

phase-a.

4.2.3. Case C: Balanced Distorted Grid Voltage

In this case the grid voltage is balanced but distorted with a THDv = 12.83% as shown in Table 2.

The simulation results in Figure 14, prove the good performance of ZDPC (THDis

comparatively to standard DPC. Table 3 summarizes the main results comparison.

0.72%)
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Figure 14. Simulation results for balanced distorted grid voltage: (a) three-phase line

voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line

currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.2.4. Case D: Unbalanced and Distorted Grid Voltage

This is the worst case. It corresponds together to unbalanced and distorted voltage as shown in

Figure 15 and Table 2. The simulation results are shown in Figure 15 confirm the robustness of

ZDPC. Comparatively to standard DPC we can observe that the grid current is quasi sinusoidal
(THDis = 1.48%), balanced (TUis = 1.41%) and synchronized with the grid voltage. Table 3 summarizes
the comparison results.
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Figure 15. simulation results of unbalanced distorted grid voltage: (a) three-phase line
voltages; (b) three-phase load currents; (¢) three-phase filter currents; (d) three-phase line
currents; (e) line voltage and current, phase-a; (f) frequency spectrum of line current, phase-a.

4.3. Comparison of ZDPC and HSF-DPC [10]

In this section we compare the ZDPC to HSF-DPC published recently in [10], with the same grid
voltage conditions, Table 4, and parameters in Appendix.

Table 5 shows the simulation results obtained by both the proposed ZDPC and HSF-DPC given
in [10] for three cases (A, B, C). We observe that the proposed ZDPC leads to better results whatever
the conditions, unlike HSF-DPC of [10] only suitable for the case of unbalanced and distorted grid
voltage and in addition in [10] there are no experimental validation.
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Table 4. Grid voltage, load current and THD under various grid voltage conditions [10].
Source voltage Load current
C Vsa Vsb Vse iLa iLb iLc
ase rms THD rms THD rms THD rms THD rms THD rms THD
™ N W (%) v) ) | A N A N A (N
A 220 0 220 0 220 0 16.03 27.86 16.02 27.82 16.02 27.83
B 176 0 220 0 220 0 14.01 31.69 1547 2595 1546 26.15
C 2222 1429 2222 1429 2222 1429 | 1582 29.07 1576 29.55 1579 29.12
Table 5. Simulation results for HSF-DPC and ZDPC strategies under three cases (A, B, C).
Source currents Filter currents

Case Control Isa isb Ise ita ife im

strategies rms THD rms THD rms THD | rms rms rms

W KR A N A | A A A

HSF-DPC [10] 1544 047 1535 045 1538 043 456 457 456

ZDPC 1621 0.64 1621 0.68 1621 0.65 | 465 465 4.65

HSF-DPC [10] 1438 154 1453 2.06 1433 2.6l 4.64 4.02 446

ZDPC 15.13 0.8 1523 1.10 15 0.93 5.03 399 447

HSF-DPC [10] 15 4.63 15.01 446 1502 4.08 5.64  5.63 5.63

ZDPC 15.79 257 1578 2.59 15.79 2.51 510 5.10  5.11

5. Experimental Results

To validate experimentally the proposed ZDPC, the experimental set up shown in Figure 16 has
been used. The control technique is implemented in dASPACE DS1104 environment, with the parameters
given in Appendix. Two different conditions are considered:

- Case A, the grid voltage is balanced.
- Case B, the grid voltage is unbalanced.

Digital scope.
Voltage sensor.

@ Three-phase voltage source.

Figure 16. Experimental set up.
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5.1. Case A: Balanced Sinusoidal Grid Voltage

The grid voltage is balanced (vs = 23 V rms). Figure 17a,b shows a good compensation of the line
current (THDisa = 4.7%, THDisb = 3.7%, THDisc = 4.4%), which is less than the IEEE-519 standard,
and with a power factor close to unity.
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Figure 17. Experimental results for balanced sinusoidal grid voltage: (a) three-phase line
currents with their THD; (b) frequency spectrum of line current, phase-b; (c) line voltage
and current, phase-b; (d) frequency spectrum of line voltage, phase-b; (e) power balance
after filtering; (f) characteristic and power balance sheet of the grid after filtering.

5.2. Case B: Unbalanced Sinusoidal Grid Voltage

The grid voltage is unbalanced for two phases (a and b) relatively to phase-c (Vsa = 19.5 V,
Vo =17.6 V, Vsc = 22.6 V), with TUy = 7.5%). Figure 18b,c shows a good compensation of the line
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current (THDisa = 5.9%, THDig = 4.4%, THDisc = 5.3%), and a balance (TUis = 0.7%), synchronized
with grid voltages (Figure 18d,e). Balance of the line current is well observed in the vector diagram
(equal 0.7%), Figure 18d. This can be further improved with the availability of the appropriate

experimental parameters.
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Figure 18. Experimental results of unbalanced sinusoidal grid voltage: (a) three-phase line
voltage with THD; (b) Vector diagram of line voltage and current; (¢) three-phase line currents
with THD after filtering; (d) Vector diagram of line voltage and current; (e) line voltage
and current, phase-a; (f) characteristic and power balance sheet of the grid after filtering.

6. Conclusions

In this paper a new DPC technique called ZDPC, suitable for harmonic and reactive power
compensation, has been proposed. Its effectiveness whatever the grid voltage conditions (unbalanced,
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distorted) has been proved, unlike the standard DPC which gives satisfying results only for balanced
and undistorted grid. A HSF filter, easy to implement and effective for harmonics extraction, has been
used. We changed the conventional PLL by an improved PLL based on HSF for identifying
Harmonics. So the ZDPC always provides balanced grid currents with a THD lower than the standard
IEEE-519. Simulation and experimental results show the good performance of the proposed approach
compared to standard DPC.
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Nomenclature
P Active power
S Apparent power
0 Reactive power
D Distortion power
THD Total harmonic distortion
vs(a,b,c) Voltage at the coupling point of phase (a,b,c)
is(a,b,c) Source current of phase (a,b,c)
I(a,b,c) filter current of phase (a,b,c)
I(a,b,c) load current of phase (a,b,c)
Dref Instantaneous active power reference
Ds Instantaneous active power source
qs Instantaneous reactive power source
Gref Instantaneous reactive power reference
On Sector angle
in Harmonic current
o, Component in a-f coordinates system
Ry Resistor of load impedance
Ly Inductance of load impedance
R Resistor of source impedance
Ls Inductance of source impedance
Rt SAPF resistor
Ly SAPF inductance
Ts Sampling Time
h Hysteresis band
dps, dgs Output hysteresis controller

APs, Ags variation of active and reactive power
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Appendix
System Parameters Simulation [10] Experimental

Source voltage 220V (rms value) 23V (rms value)
Source impedance Rs=0.25mQ, Ls =19.4 uH Rs=0.1Q, Ls=100 pH
Source frequency 50 Hz 50 Hz
Load ac impedance Ri=12mQ, L; =0.3 mH R.=0.8Q,L.=2mH
SAPF dc reference voltage and capacitor Vae=800V, C=8.8 mF Vae=100V, C=1.1 mF
SAPF resistor and inductance Rr=5mQ, Ly=3 mH Re=0.05Q, Ly=10 mH
Non-linear load parameters R=26Q,L=10mH R=7Q,L=2mH
Sampling Time Ts=1ps Ts =50 ps
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