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Multifunctional Current Reference Generation Strategy
for Grid-tied Power Electronic Converter

Abstract. In this work the functionalities of Power Electronic Converters (PEC) used as grid interface device for distributed generation sources are
extended to deal with Power Quality (PQ) issues. It is proposed an alternative strategy to obtain current references based on the Conservative
Power Theory (CPT). The proposed strategy contributes to the full exploitation of the PEC power capacity, allowing the PEC to act as a
multifunctional device performing simultaneously selective compensation of PQ issues and power injection into the utility grid.

Streszczenie. Elektroniczny konwerter mocy PEC uzywany jako interfejs rozproszonych zrédet energii zostat poszerzony o mozliwo$ci poprawy
Jakosci energii. Pradowe Zrédio odniesienia bazuje na Teorii Zachowania Mocy CPT. Wielofunkcyjne pradowe zrédto odniesienia do sieciowego

konwertera mocy.
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Introduction

Nowadays, power electronic converters (PEC) used as
power electronic interface (PEI) between the grid utility and
the renewable energy sources (RES) are experiencing an
increasing evolution in terms of their functionalities. In
addition to the current injection into the grid, these
converters are also being used to improve the power quality
at point of common coupling (PCC) [1-3]. Usually, it is
desired the injection of full power available from the RES
into the grid. If the RES’s power is less than the converter
power rating the remaining available power may be used to
compensate for power quality disturbances, like harmonics
pollution and reactive power [4-7].

Fig. 1 shows a structure commonly used to inject small
amounts of active power into the grid, which is largely used
with solar cells [8, 9]. This system could also be adapted to
perform power quality (PQ) tasks by acting as an active
power filter (APF). This is possible by changing only the
control laws and feeding back the load current which could
be decomposed following some specific criteria and
generate the current references for PQ compensation,
power injection or both simultaneously.
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Fig. 1 — Overview of the multifunctional power electronic converter.

Fig. 2 — Block diagram of the proposed current reference
generation.

However, when the PEC acts simultaneously as power
injection and PQ disturbances compensation device, the
available power capability of the PEC might not be enough
to deal with all the concerns occurring at PCC. Therefore,
some selective compensation strategies could be used,
where the compensation level would be directly related to
the available PEC capability i.e. the remaining power
capability which is not being supplied to the grid is used for
selective compensation. The current reference for
compensation can be generated by using an approach
consisting of complex digital filters [10], harmonic damping
methods [7] or well known power theories [11,12].

In this paper the Conservative Power Theory (CPT)
[13,14] is used as an alternative to generating different
current references for selective disturbances compensation
and active power injection from local renewable source. Fig.
2 shows the proposed strategy for current generation. The
CPT current decompositions result in several current-
related terms associated with specific load characteristics.
These current terms are orthogonal (decoupled) and could
be used by the control system to generate the current
reference for selective compensation.

Simulations and experimental analysis are both
performed considering a non-linear load under non-
sinusoidal weak grid (characteristic of a microgrid) with
inductance and resistance of considerable values [15]. In
Table | the main parameters of the system are presented.
For the sake of simplicity, the series resistances of
inductors and capacitors are not shown in the Fig. 1, but its
values are presented in table I. This structure is adopted
because it is very common in low voltage distribution
networks, which are the propitious places for connection of
small power distributed generation units.

Table 1. System Parameters

Parameter Value

Inductance of the LCL filter, L;, L, 0.5mH
Resistance of the inductors of the LCL filter, R;, R, 100 mQ

Capacitance of LCL filter, C, 3 uF
Equivalent series resistance of C,, R, 10 mQ

Grid inductance, L, 2 mH
Grid resistance, R, 200 mQ

Coupling inductance of the non-linear load, L¢ 1mH
Inductance of the linear load, L, 70 mH

Resistance of non-linear load R, 70 Q
Capacitance of the non-linear load, C; 470 uF

DC bus voltage, Vpc 300V

DC bus capacitance, Cpc 1 mF
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Overview of the CPT Current Decomposition

The Conservative Power Theory (CPT), proposed in [13,
14] is defined on the time domain. It is suitable to be applied
on non sinusoidal and unbalanced periodic waveforms of
period 7 and angular frequency w=2x/T and can also be
applied on poly-phase systems, with or without return
conductor. The CPT proposes an orthogonal (decoupled)
current’'s decomposition based on two conservative
quantities, which are the active power (P) and the reactive
energy (W). For this, the authors introduced, the unbiased
voltage integral, v that corresponds to integral of v()

without the mean value, as defined in (1).

M V(1) = Vi -V

) Vit (0= [ v(t)dt
t

(3) Vo —%g Ving (1)dt

Where v;,(?) is the integral of the voltage and v, is the
mean value of v;,(2).

Considering single phase system, the active power, P is
defined in (4) and related to the average power transfer,
with v@) and i(z) representing instantaneous voltage and
current.

1 7
(4) =— | v(0)i(t)dt
TO

Reactive energy, W, is defined in a similar way to the
active power, but instead of voltage, it uses the unbiased
voltage integral as shown in (5):

1 T
(5) W =—[v()i(t)dt
T 0

The reactive energy term represent the power
fluctuations and current flow caused by energy storage
elements. Notice that, equation (5) is valid for any voltage
and current waveforms (either sinusoidal or not). Under
sinusoidal conditions, this phenomenon is accounted by
traditional reactive power Q, as defined in (6).

(6) O =VIsin(0) = oW

The active power and reactive energy form the bases to
the orthogonal current decomposition where each
component maintains a specific physical meaning. Thus,
the current of a generic network can be decomposed into:
active current (i,), reactive current (i,) and void current (i,).

Active current is defined as the minimum current (i.e.
with minimum RMS value) required to convey active power
P absorbed from network and is given by (7). Where ¥V is
the RMS value (norm) of voltage and G, is called equivalent
conductance.

:iV:Ge‘V

7) i 2

a

Reactive current is defined as the minimum current (i.e.
with minimum RMS value) required to convey reactive
energy W absorbed form network and is given by (8).

Where 7 is the RMS value of unbiased voltage integral and
B, is called equivalent reactivity. Under sinusoidal
conditions equivalent reactivity is identical to susceptance.

W _ -
(8) ir:A_ZV:Be'v
V

The void current is given by (9), it is also called residual
current, since it is neither conveying active power nor
reactive energy. Thus, this current component reflects the
presence of harmonics, which are due to nonlinear loads or
voltage distortion [16].

9) i, =i—i, I,
In conclusion, the current can be decomposed as (10).
(10) i=i, +i,. +i,

By definition, these current components are orthogonal,
thus their RMS values lead to (11).

(11)

Finally, the apparent power may be calculated as (12).

P?=12+12+17

(12) A=V 2+v2I2 +v?I2 = PP+ 0% + D?

The power terms in (12) are depicted as: P=VI, is active
power and related to the average power transfer. Q=V1I, is
reactive power and related to the reactive energy and D=1,
is void power and related to load nonlinearities and voltage
distortion. Unlike active power and reactive energy,
apparent, reactive and void powers are not conservative
quantities [13,14].

Generation of Current References for Compensation
and Power Injection

The local renewable power source could be a
photovoltaic array, a fuel cell or a wind generator. However,
in this paper, the local source is modelled as a DC current
source, Ipc. The current reference for power injection, izgs,
which is related to the active power as shown in (7), is used
to inject the power delivered by Ip¢ into the grid through the
PEC. As shown in (13), izgs follows the voltage waveform at
point of connection of the PEC. In general, the waveform of
the active current reference (izzs) can be defined either from
the measured PCC voltage (v=vpcc) or from its fundamental
component (v=v;pcc), configuring resistive or sinusoidal
current injection, respectively.

. Ppc
LRES = V2 V:GV'V

(13)

The overall current reference (i";,) which should be
synthesized by the PEC is given by (14). Fig. 2 shows a
schematic summarizing the reference generation strategy.

K

.* . .
(14) lLiny = lg TIRES —lcpT

The current reference i, represents the current needed
to keep the DC voltage regulated and grant the power
balance between DC and AC sides of PEC. The reference
i*g is generated by the product of the peak current
(generated by PIpc).

Note that in (14), the CPT current decomposition can
provide the current reference (icpy) to compensate,
selectively or not, the load current disturbances. The
reference for disturbance compensation is generated
according (8) and (9), as shown in (15). If it is required to
compensate only the harmonics due to the load current, the
reference for compensation is given by icpr=i,.

(15) icpr =iy +iy
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PEC Modelling and Control (22) Lr=L+L,
In this section the current controlled voltage source
inverter is designed and modelled. PEC control system wcr Ly
consists of two feedback control loops. The first is a fast  (23) Ke=—=""
K Kis

loop which controls the output current [17] and the other is a
slower loop which keeps constant the DC bus voltage [18,
19]. A secondary loop controls the current injection of RES
in the DC bus.

Output Current control

Fig. 3 shows the block diagram of the inverter's current
control loop. The transfer function relating the current,
flowing through the output inductor of the LCL filter and the
inverter voltage is shown in (16). The open loop transfer
function Gy, (s) is obtained taking into account the time
delay due to the PWM modulator, Gpyy(s). Since this
controller is intended to be implemented on a DSP platform,
it should be also considered the delay due to the control
algorithm processing time given by G,s), and the anti-
aliasing filter given by G,(s), which is placed at the input of
the analog-to-digital converter (ADC). The inverter gain is
K;,,, while Kjsis current sensor gain. The cutoff frequency of
anti-aliasing filter is w, ;- The sampling time is given by T.
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Fig. 3 - Block diagram of output current control.
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The current controller G.(s) is based on the proportional
resonant plus harmonic controller (PR+HC) [20, 21]. The
proportional and integral gains of resonant controller are K.
and Kjpp, respectively. The bandwidth of each resonant
frequency is denoted by w.pg,  is the harmonic order and
o, is fundamental frequency of the grid utility. This controller
is designed considering that, above the resonant frequency,
the LCL filter and consequently Gy, (s), behaves like an
inductance. Thus, the LCL filter can be simplified to a total
inductance given by (22). Thus, K¢ is calculated by (23).
The target cutoff frequency of closed loop is w(;.

15 25K 1pp@
@) Ge(9)=Kc+Y — [PRCPR
h=18"+2s5wcpp +(hw,)
144

Table 2 shows the values used on the current controller
and Fig. 4 shows the frequency response of the open loop
transfer function, Gy, (s), before and after compensation with
G.(s). The phase margin is about 45° and the gain margin is
about 6 dB. The bandwidth of the current loop is 1 kHz.

@
=1

IS
=)

=3

Magnitude (dB)

IS

BN W,
® N o
S o

©
=1

Phase (°)

=)

10Z 103
Frequency (Hz)

Fig. 4 - Current open loop transfer function before and after
compensation.

Table 2. Parameters of Current Controller

Parameter Value
Inverter gain, Ky 300
Current sensor gain, K;g 0.0667
Sampling time, T 38 us
Cutoff frequency of anti-aliasing filter, w, 62.8 krad/s
Grid frequency, w, 377 rad/s
Bandwidth of the resonant controller, @ pg 5rad/s
Proportional gain of resonant controller, Ko 0,95
Integral gain of resonant controller, K;pg 100
Cutoff frequency of current closed loop, 6.28 krad/s

DC bus voltage control

The DC link keeps the power balance between the
power which is delivered to the system in the output of the
PEC and the power in the DC link, even when the converter
is acting only as an APF. Fig. 5 shows the block diagram of
the DC voltage control loop.

The transfer function Gp(s) is obtained by using a small
signal analysis, it establishes a relationship between the DC
link voltage, V¢, and the current peak at the inverter output
i.e. current control variable I;,. The low-pass filter, H,p(s), in
the feedback path is designed to attenuate the 120 Hz
ripple present in the Vpc voltage. In this work the cutoff
frequency of the low pass filter is w.; p=30Hz. Fig. 6 shows
the transfer function of the DC link voltage with and without
Pl compensator.

*
Vpe
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Gpc(s) - C;

A 4

Plpc(s)
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Fig. 5 - Block diagram of DC voltage control.
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The bandwidth was set to 6Hz, and the requirement for
the phase margin was set to 70° in order to obtain a
compensated system with small overshoot. The parameters
of PIpc(s) are Kp=2.2 and K; =49. The peak of grid voltage is
180V and the reference voltage for the DC link is
V*DC=300V-
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Fig. 6 — DC voltage transfer function.

Experimental Results

In order to validate the approach proposed in this work,
a prototype of the system shown in Fig. 1 has been
implemented and tested. Fig. 7.a shows the DC bus
voltage, grid current and current at output of PEC. At (1) the
current source Ipc is connected to the DC bus injecting 2A.
At (2) a load step is applied, since the non-linear load is
disconnected from PCC. Finally, at (3) the non-linear load is
re-connected to the PCC. Fig. 7.b shows details of the
waveforms.

‘ . Ve (50V/div) 500 ms/div

S @ o

is (5 A/div)

ir (5A/div)

| (LA

3 Vidiv

a) 5 ms/div b) .

Fig. 7 — Dynamic behavior: a) DC link voltage, grid current and
PEC current; b) Detail of steady state ripple .

In order to show the system selective compensation
capability, it is analyzed the three feasible compensation
modes. The operation only as an APF, operation only as
PEI and operation as APF and PEI simultaneously. The I
source is built based on a current controlled boost topology,
the input is composed of 150V voltage source. The

proposed system has been tested on the lab electrical grid,
which is 60 Hz / 127 V grid polluted with 1.8% of 5th
harmonic and 0.5% of 7th harmonic. The THD of the grid is
about 1.8%.

PEC operating only as APF

In this mode of operation the PEC works only as an APF
i.e. there is no injection of active power into the grid. With
the PEC turned off, Fig. 8 shows the PCC voltage (Vpcc),
the grid current (i) and the current at the output of the PEC
(ir). Notice that, both voltage and current are distorted. Fig.
9 shows the waveforms when the system is compensating
only reactive power, since the PEC is providing only
reactive component from load current. Observe that, the
current at PCC (i;) remains distorted, however in phase
with the PCC voltage. Fig. 10 shows the compensation only
of the void current, which is related to harmonics of current.
In this case, i; has the same waveform of Vpcc, but it is not
in-phase with PCC voltage. Moreover, one can realize that
the disturbances associated with the voltage were also
compensated, since they were in part imposed by the load.
Finally, Fig. 11 brings the result of the full compensation,
where the void and reactive current are being compensated
simultaneously. Notice that in Fig. 11 the current at PCC (i)
has the same waveform of Vpcc.

Table 3 shows the main performance parameters and
Fig. 12 shows the harmonics spectrum of the grid current
(i¢) considering the different compensation strategies. It is
worth to observe that the THD of the current when the PEC
is performing only the reactive compensation is greater than
when the PEC is turned off. This effect is caused by the
decrease in the fundamental component of grid current and
also because the harmonic components remain unchanged,
since there is no change in the load. Another interesting
behaviour is that, when the PEC is performing the void
current compensation, we obtained the best performance in
terms of THD, moreover the power processed by the PEC
is lower than other strategies.

A load step is shown in Fig. 13. The reactive load is
switched off. Besides the slow response of the DC voltage
control, the grid current achieve the steady state in few
cycles.
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Fig. 12 — Harmonic spectrum of the grid current when the PEC is
operating as APF for different compensation strategies.

Table 3. PEC Operation only as APF
Compensation Type

Parameter . .
none reactive void full
Py (W] 242 318 304 335
Qq [VAR] 540 20 587 34
Sy [VA] 590 319 660 336
Peec W] 1 60 -50 -73
Qpec [VAR] 17 560 249 550
Spec [VA] 17 564 254 555
Vece [V] 125.978 128.813 125.387 128.750
Ic [A] 4.9705 2.8749 5.0533 2.6186
Vipee [V] 125.7 128.6 125.3 128.7
le1 [A] 4.75 2.5 5.0 2.6
THD Vpec [%] 5.6 5.0 3.0 2.7
THD I [%] 30 57 3.5 4.9
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Fig. 13 — Load transient: réactive load disconnected. .

PEC operating as PEIl and APF simultaneously

When the current source I is connected to the DC
bus, the PEC begins to operate as a multifunctional
converter, i.e. injecting active power from local source into
the grid and compensating the unwanted current
components of the nonlinear load. For this test, the current
source is injecting 2 A into the DC bus, giving a total power
of 600 W.

Fig. 14 shows the voltage and current waveforms when
the PEC is injecting power into the grid without using any
compensation strategy. As expected, the PEC current, iy, is
sinusoidal because the fundamental component of PCC is
being used to generate the current reference for power
injection, as shown in Fig. 2. It should be noted that the
PCC voltage is distorted not only due to the load current but
also due to the fact that the grid voltage, V5, is distorted
(about 1,8%).

From Figs. 15 to 17, we can observe that, the active
power injection (PEI functionality), does not affect the
performance of the PEC at the different compensation
strategies. Thus, it is possible, besides injecting active
current (active power) into the grid, obtain a selective
compensation of the unwanted currents. Additional
information about the performance of the PEC, when acting
as PEI and APF simultaneously can be found in the table 4
and Fig 18.
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Table 4. PEC Operation as APF and PEI simultaneously

Parameter Compensation Type
none  reactive void full

Py [W] -318 -294 -309 -280
Qq [VAR] 613 28 613 25
S, [VA] 680 295 686 282
Ppec [W] 573 560 573 557
Qpec [VAR] -19 592 -35 591
Spec [VA] 574 815 574 812

pcc [V] 128.93 13248 128.76 132.27
Ic [A] 5.472 2.608 5.335 2.134
Vipce [V] 128.8 132.3 128.7 132.25
le1 [A] 5.3 2.21 5.3 212
THD Vpcc [%] 4.6 % 4.9 2.8 2
THD I [%] 24 % 63 2.0 4.6

PEC Operating only as PEI

If the load is disconnected from the PCC, the system
behaves like a standard PEI performing only the injection of
the power into the grid, since there are no disturbances to
be compensated for as shown in Fig. 19. The THD of the
grid current is about 1.4% and the THD of the PCC voltage
is about 1.7% which is only due to the polluted grid voltage.
Table 5 summarizes the performance data collect in this
operation mode.

The performance of the multifunctional converter is
similar to the performance achieved using standard PEI. In
[22-24] the values of the grid current THD are about 2%,
1.4% and 4%, respectively. The result achieved in the
present work is also compatible with other works related to
multifunctional use of power converters. In [25], the THD of
grid current is 2%, when the converter is operated as a
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standard PEI, while in this work the THD of grid current is
1.4%.

Normal Mode(Trg) Uover Sp:
Tover * Trg:

PLL Source: u1
Integ Reset

“Vpee

Fig. 19 — PCC voltage (Vpcc), grid current (i) and PEC current (i)
when PEC is operating only as PEI injecting power into the grid
(there is no load connected to the PCC).

Table 5. PEC Operation only as PEI (No Load)

Parameter Value Parameter Value
Py W] -558  Vpec [V] 132.93
Qq [VAR] 34 I [A] 4.2
S, [VA] 559  Vipec [V] 132.82
Peec (W] 573 le1[A] 4.2
Qpec [VAR] -18 THD Vpcc [%] 1.7
Seec [VA] 574 THD g [%] 1.4

Conclusions

In order to comply with the rated capacity of the PEC,
there are situations in which it is not possible to perform the
full compensation of disturbances along with power
injection. Therefore, either the disturbances compensation
or the power injection into the grid should be limited.

Thus, due to the CPT, it is possible to decompose the
power related to the disturbances and, based in some
criteria which could be the rated power of the PEC or its
current capability, choose the power components to be
compensated. The full compensation could be achieved if
the PEC has enough capacity available, providing that the
maximum current and voltage capacity are not violated. In
the case that the PEC is overrated the reactive
compensation could be performed by passive elements like
capacitors and inductors which are cheaper than the PEC.
Then, the PEC would perform the compensation of the void
component as well as the remaining reactive component.
As observed in the experimental results, a relative small
amount of power capacity is needed to compensate the
void component, not compromising the capacity need to
perform the power injection into the grid.

The results obtained for THD of voltage and current in
the PCC considering the multifunctional converter are
compatible with those results reported in the cases where a
PEC conventionally operated was used. Therefore, this
work has shown that with changes only in the current
reference generation it is possible to perform selective
disturbances compensation simultaneously to the power
injection into the grid.
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