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Abstract—The derivation of a robust control algorithm is
presented to provide decoupled active power regulation and local
grid voltage support in three-phase three-wire grid-connected
converters (GCCs). Unlike conventional control schemes, the
proposed strategy is designed to be harmonic sequence asym-
metric for the purpose of local voltage unbalance correction.
A frequency-domain Norton equivalent model is derived to
illustrate the working principle of the strategy. Accordingly,
by following a frequency-domain decoupled method, the funda-
mental positive-sequence, the harmonic symmetrical sequences
and the fundamental negative-sequence components are regu-
lated independently. Consistent to the model analysis, simulation
results validate reduction of local voltage unbalance and total
harmonic distortion. Since no external sensors are required
for the implementation of the strategy, it is a local approach,
applicable to already-existing GCC systems. Moreover, in view of
the higher switching frequencies as attainable by devices from the
next SiC generation, the accuracy and dynamic behavior of the
control algorithms can be much enhanced, improving therefore
the quality of the processed energy.

Index Terms—Grid-interactive power converters, control, volt-
age unbalance, harmonics, compensation.

I. INTRODUCTION

Unbalanced voltages cause adverse effects on electrical
loads and power distribution networks. Compensation for
voltage unbalance is usually implemented using an active
power filter acting as a voltage source in series with the
power distribution line [1]. Another solution is to apply a
shunt converter behaving as a current source to absorb or share
the unbalanced currents [2], [3]. However, most local voltage
support strategies are based on measuring the polluting load
current, being therefore not always easy to implement, espe-
cially when multiple loads are present. Hence, the application
of shunt converters to enhance the local voltage quality on
the basis of local measurements, which are not taken beyond
the converter’s point of common coupling (PCC), has received
increasing attention in recent years [4]–[10].

However, limited research has been carried out on how to
correct the negative-sequence component and harmonics at the
same time by means of three-phase grid-connected converters
using only local measurements. Specifically, discussion on
three-phase local voltage support is mostly carried out in the

synchronous reference frame, making it difficult to build a nat-
ural analogy between single-phase and three-phase converters
when talking about harmonic compensation, particularly in the
context of Norton equivalent model derivation.

In this paper an integrated control method that decouples
active power regulation and local voltage support for a three-
phase three-wire GCC system is proposed on the basis of only
stationary reference frames. The active power regulation is
achieved by accurate control of the GCC output current fun-
damental positive-sequence component. Simultaneously, local
voltage support is realized by providing an adjustable low-
impedance path (through the GCC) for the unbalanced and
harmonic components coming from the grid network. By doing
so, the distorting current components, as introduced by local
asymmetrical or non-linear loads, take the path through the
GCC, instead of flowing towards the grid.

In Section II the GCC system architecture and control
strategy are briefly presented. Then, in Section III analysis
of the control approach through complex harmonic transfer
functions is carried on. The accuracy of the control algorithms
is assessed by simulation results, shown in Section IV, where
the improvement on local voltage unbalance and total har-
monic distortion is quantified by figures-of-merit. Section V
points out design issues related to the switching frequency,
and Section VI presents the main conclusions.

II. SYSTEM ARCHITECTURE AND CONTROL STRATEGY

A. System architecture

As can be seen in Fig. 1, only the local voltage at the
PCC and the local converter output current are measured by
the controller, characteristics which distinguish the proposed
control strategy from conventional ones measuring the load
current beyond the PCC for voltage support.

B. Stationary reference frames

The converter output line currents and the PCC line voltages
are denoted by real vectors in the abc stationary frame as

iabc =
[
ia ib ic

]T
vabc =

[
va vb vc

]T
. (1)
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Fig. 1. Diagram of a grid-connected three-phase three-wire voltage-source converter system with local loads.

Because of practical convenience, stationary reference frames
are applied in the rest of this paper for the control of three-
phase GCC voltage and current quantities. The line currents
and voltages in (1) are transformed to the αβ quantities as

iαβ =TC iabc

vαβ =TCvabc (2)

where TC is a Clarke transformation matrix,

TC =
2

3

[
1 −1/2 −1/2
0
√
3/2 −

√
3/2

]
. (3)

In (2), the corresponding signals in the αβ reference frame
are denoted as

iαβ =
[
iα iβ

]T
vαβ =

[
vα vβ

]T
. (4)

Furthermore, in order to take advantage of the circuit
symmetry in Fig. 1 , the real-valued αβ quantities are grouped
in complex numbers

iαβ =iα + jiβ

vαβ =vα + jvβ . (5)

In the following, it should be noted that the symbols
fo real vectors and matrices are in bold, symbols with a
underline, e.g. (.), represent complex quantities or transfer
function polynomials with complex coefficients, and, unless
mentioned otherwise, symbols without a underline bar denote
real-valued quantities or transfer functions with only real-
valued polynomial coefficients.

C. Control strategy

This section elaborates on the structure of the controller in
Fig. 1 for add-on voltage support. Note that the two objectives
of the control strategy are to regulate the active power injection
and to support the local voltage simultaneously. Since the
average (not the instantaneous) active power is dominantly
determined by the fundamental positive-sequence component
of the converter output current, the active (and reactive) power

injection can be controlled by regulating the fundamental
positive-sequence component of the converter output current.
At the same time, because the fundamental negative-sequence
components and other harmonics hardly contribute to the
average active power, they can be regulated to correct the
local voltage for unbalanced and harmonic compensation.
Therefore, the controller is composed of two loops: one
for the control of the output current fundamental positive-
sequence component and the other for the regulation of the
PCC voltage fundamental negative-sequence component and
other harmonics.

Accordingly, a parallel current-voltage control architecture
is considered in this paper, because it can well generalize a
current controller [2], [3], a hybrid current-voltage control
scheme [5], [6] and a parallel scheme. Fig. 2 shows the
block diagram of the current-voltage control architecture.
The current reference consists of only fundamental positive-
sequence component, whose magnitude is formulated by an
active power regulation loop shown in Fig. 3.

The current and voltage controllers in Fig. 2 are decoupled
in the frequency domain, following [11]:

Ci,αβ(s) =Kp +Ki
ω1

s
+K+

res,1H
+
res,1(s)

Cv,αβ(s) =K−res,1H
−
res,1(s) +Kres,h

∑
h∈Nh

Hres,h(s) (6)

in which normalized complex transfer functions are given by

H+
res,1(s) =

ω1

s− jω1 + δ1ω1

H−res,1(s) =

(
ω1

s+ jω1 + δ2ω1

)(
s− jω1

s− jω1 + δ4ω1

)
Hres,h(s) =

ω1s

s2 + δ3(2hω1)s+ (hω1)2
(7)

where ω1 is the fundamental angular grid frequency, and δ1,
δ2, δ3 and δ4 are damping factors to shape the bandwidth of the
resonant filters in order to improve convergence to steady-state
operation [12]. Further, Kp, Ki, K+

res,1, K−res,1 and Kres,h in
(6) are real-valued adjustable gains that should be designed
for accuracy and stability.
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Fig. 4. Complementary operation of the current and voltage resonant
controllers in Fig. 2, as function of frequency.

Fig. 4 illustrates the complementary operation of the reso-
nant current and voltage controllers. As outlined, the current
controller works actively at the zero and positive fundamen-
tal frequencies ({0, 1}), and, complementarily, the voltage
controller works actively at the negative fundamental and
harmonic frequencies ({−h, · · · ,−3,−1, 3, · · ·h}). Note in
(6) that, in order not to interfere with the control of the
fundamental positive-sequence component in the GCC system
output current, the harmonic sequence component of order
h = 1 is not included but attenuated by a notch filter in the
voltage controller (1 /∈ Nh) .

III. MODELING AND ANALYSIS OF THE CLOSED-LOOP
CONVERTER SYSTEM

In this section a frequency-domain equivalent model is
derived for the closed-loop three-phase three-wire GCC system
in Fig. 2.

A. Open-loop system modeling

Neglecting the PWM switching-frequency harmonics, the
per-phase two-level VSI is modelled as a controlled average
voltage source, as depicted in Fig. 5.

B. Equivalent sequence model

It is assumed that the devices of the 3φ LCL filters in Fig.
5 (inverter-side inductor Z1, filter capacitor Zc and grid-side
inductor Z2) are identical for each phase, and the mid-point
voltage of the LCL filter, vC,N , is referenced to the middle
point of the dc supply. Therefore, the relation between per-
phase currents and voltages can be described as

v∗s,abc
Z1(s)

− vabc
Z1(s)

− Z2(s)

Z1(s)
iabc =

= iabc +
vabc
Zc(s)

+ iabc
Z2(s)

Z1(s)
− 1

Zc(s)

vC,N (s)
vC,N (s)
vC,N (s)

 . (8)

Applying the Clarke transformations of (2) to (8) results in

v∗s,αβ
Z1(s)

− vαβ
Z1(s)

− Z2(s)

Z1(s)
iαβ = iαβ+

vαβ
Zc(s)

+ iαβ
Z2(s)

Zc(s)
. (9)

After some rearrangements, (9) becomes

iαβ = − 1

Zo(s)
vαβ +

k(s)

Zo(s)
v∗s,αβ (10)

in which

k(s) =
Zc(s)

Zc(s) + Z1(s)
(11)

Zo(s) =
Zc(s)Z1(s)

Zc(s) + Z1(s)
+ Z2(s) (12)

where the gain k(s) and the equivalent open-loop impedance
Zo(s) are determined from the LCL filter parameters, being
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Fig. 5. Circuit representation of the 3-phase 3-wire GCC system in Fig. 1 in
open loop control.
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therefore designated hereafter as the converter natural gain and
impedance, respectively.

In view of the symmetric and decoupled impedances, the
definitions in (5) are applied to (10), yielding a reduced open-
loop model description in complex quantities as

iαβ(s) =
k(s)

Zo(s)
v∗s,αβ(s)−

1

Zo(s)
vαβ(s) (13)

which is a much more convenient representation for control
design purposes of the three-phase GCC system.

C. Closed-loop system sequence model

In view of (13), the control law in Fig. 2 is rewritten as

v∗s,αβ(s) = (i∗αβ(s)−iαβ(s))Ci,αβ(s)−Kcompvαβ(s)Cv,αβ(s)
(14)

where i∗αβ(s) is the current reference. Combining the con-
troller in (14) and the plant model in (10) yields

iαβ(s) = i∗αβ(s)kcl,αβ(s)−
1

Zcl,αβ(s)
vαβ(s) (15)

where kcl,αβ(s) corresponds to an equivalent gain of a con-
trollable current source with equivalent internal impedance
Zcl,αβ(s). It is found from (14) that

kcl,αβ(s) =
Ci,αβ(s)k(s)

Zo(s) + Ci,αβ(s)k(s)

Zcl,αβ(s) =
Zo(s) + Ci,αβ(s)k(s)

1 +KcompCv,αβ(s)k(s)
(16)

where Kcomp ∈ [0 ∼ 1] is a so-called compensating effort
index. When Kcomp = 0, no active voltage support is provided
since only the current controller loop is active.

D. Closed-loop output impedance

Fig. 6 shows the magnitude of the complex output
impedance Zcl,αβ(s) in (16) as function of frequency.

The equivalent impedance is enhanced for the harmonic
sequence components of order {0, 1} and, compared to the
converter natural impedance, lowered for the components
of order {−11, · · · ,−3,−1, 3, · · · 11}. As already illustrated
[12], the grouped αβ-signal of order h = 1 corresponds

TABLE I
PARAMETERS OF THE THREE-PHASE THREE-WIRE GCC SYSTEM IN FIG. 1

Description Symbol Value
Supply voltage Vdc 400V
PWM frequency fsw 10kHz
VSI-side inductor L1 3.6mH (0.4Ω)
Filtering capacitor Cf 10µF (0.4Ω)
Grid-side inductor L2 2.0mH (0.4Ω)
Grid impedance Lg 6mH(0.2Ω)
Grid per phase voltage Vg,rms 220V
Grid frequency fg 50Hz

TABLE II
CONTROLLER PARAMETERS IN REFERENCE TO (6)

Component Quantity Value Quantity Value

Controller Kp 10 Ki 0.32
Ci(s) K+

res,1 4.78 δ1 2 · 10−3

Controller K−
res,1 0.25 δ2 4 · 10−3

Cv(s) Kres,h 0.20 Nh {3,5, . . . 11}
δ3 10−3 δ4 0.10

Power loop Kω ω1/4000 ω1 2πfg

to the fundamental positive-sequence components, h = 0
to the dc component, and h = −1 to the fundamental
negative-sequence components. Therefore, under the proposed
control strategy the sensitivity of the output current of the
closed-loop converter to the fundamental positive-sequence
and dc disturbance from the PCC voltage is lowered, and it is
enhanced with respect to the fundamental negative-sequence
and harmonic disturbances .

IV. SIMULATION RESULTS

The parameters of the three-phase three-wire GCC system
(in reference to Fig. 1) in Table I are used for simulation tests.
The controller parameters are listed in Table II.

A. Double-side harmonic spectrum

For the purpose of analysis of positive- and negative-
sequence harmonic components, the double-side harmonic
spectrum of the PCC voltage is represented as a complex
Fourier series

vαβ(t) =
∑
h∈Z

Vhe
jhω1ejϕh (17)

where Z is a set of integer numbers, and Vh and ϕh are
the respective magnitude and initial phase of the synthesized
harmonic sequence component of order h. As such, Vh de-
notes a positive- or negative-sequence harmonic component
amplitudes when h > 0 and h < 0, respectively. Otherwise
stated, the double-side harmonic spectrum in (17) allows for
a compact representation of both harmonic and unbalance
distortion of three-phase quantities, and it is applied to assess
the local voltage quality in the sequence.



In order to quantify the quality of three-phase cur-
rent/voltage signals like in (17), a figure-of-merit, so-called
total harmonic distortion, is defined as

THDps =

√∑
h∈Z,h6=1 V

2
h

V 2
1

(18)

which is calculated in relation to the fundamental positive-
sequence component of the signal.

B. Local voltage support

As mentioned earlier, the GCC output impedance for the
harmonic and unbalanced components can be adjusted (by
changing Kcomp) for different degrees of local voltage support.

1) Kcomp = 0: When the voltage support controller is
disabled, the output impedance of the GCC system for the
harmonic and unbalanced components is determined by the
LCL filter. The simulation results in this case are shown in
Fig. 7.

2) Kcomp = 0.1: Fig. 8 shows the results when Kcomp is
set deliberately small in order to shape the output impedance
of the GCC system to an intermediate low value (see Fig. 6 and
(16)). It can be seen from Fig. 8 that compared to the results
in Fig. 7, the total harmonic distortion of the PCC voltage and
the grid current is reduced.

3) Kcomp = 1: In Fig. 9 the compensation index
is set to unity. In this case, the equivalent GCC output
impedance for the targeting harmonic sequence signals of
order {−11, · · · ,−3,−1, , 3, · · · , 11} is forced lower. It can
be seen that, compared to the case in Fig. 8, the total
harmonic distortion of the PCC voltage and the grid current
is significantly reduced.

Summarizing, it can be seen from Figs.7 to 9 that increasing
the compensation index Kcomp helps to reduce the distortion
of the local PCC voltage and grid current, which is in agree-
ment with analysis of the harmonic transfer functions in Fig. 6.
When Kcomp is zero, the LCL filter is dominant in determining
the GCC system output impedance for grid unbalanced and
harmonic components. This makes the GCC control insensitive
to unbalanced and harmonic disturbances from the grid. An
increased Kcomp enhances the control sensitivity, allowing the
GCC system to compensate for a desired level of the local
unbalanced or non-linear load currents.

C. Current reference step for active power regulation

Steering of active power flow is illustrated in Fig. 10. The
current reference for active power regulation (I∗pk in Fig. 3)
steps from 0A to 6A. As a result, it is shown that, while
also performing local voltage support as in Fig. 9, the GCC
system achieves fast and stable tracking of the desired current
components related to active power flow control.

V. IMPACT OF THE SWITCHING FREQUENCY

Due to its good performance regarding tracking of sinu-
soidal references, a first-order resonant filter at the grid fun-
damental frequency is selected for positive-sequence current
control in (6), which sets the needed phase shift with respect

 

 
iβiα

C
u

rr
en

ts
(A

)

time (s)

C
u

rr
en

ts
(A

)
V

o
lt

ag
es

(V
)

THDps = 51.92%

THDps = 4.62%
vβ

vα

ig,β

ig,α

0 0.01 0.02 0.03 0.04

−12
−6

0
6

12

−12
−6

0
6

12

−300
−150

0
150
300
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slightly reduced when the GCC is operational and Kcomp = 0.
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further reduced when the GCC is operational and Kcomp = 0.1.
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to the fundamental grid voltage component (yielding therefore
the desired charge/discharge active and reactive power flow).
Voltage support is also achieved through first- and second-
order resonant filters in (6) to attenuate a selection of harmonic
components other than the fundamental one.
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It is a common practical design recommendation to choose
in (6) no more than a maximal number of harmonics to be
attenuated such that h < |h|max, with

|h|max = 0.1ωs/ω1

where ωs is the angular switching frequency and ω1 the
fundamental angular grid frequency. Furthermore, with regard
to control stability and accuracy, the values of the adjustable
gains for the first- and second-order filters in (6) should be
high enough but limited, preferably chosen such that

K+
res,1 = ωc L2 with ωc ≤ 0.1ωs

K−res,1 ,Kres,h � ωc/ω1.

Therefore, the higher the switching frequency ωs, the broader
the design choices for achieving good filter performance. Due
to superior material properties, wide band-gap semiconductors
enable higher voltages, switching frequencies, and operating
temperatures when compared to conventional Si technology.
As a consequence, SiC semiconductors lead to the advance-
ment of the proposed filtering methods aiming at improving
power quality in distribution grids.

VI. CONCLUSION

The proposed control scheme for three-phase three-wire
grid-connected converters consists of two decoupled loops,
one for current control and another for voltage support. The
local voltage at the PCC is measured and used in both loops:
in one loop the voltage fundamental component is extracted
via a PLL for converter output current synchronization with
the grid; and in the other path the full voltage profile is
used for unbalance and harmonic compensation. The resulting
duty-cycle value that steers the pulse-width modulation of the
converter switching legs is just the sum of the two previously
calculated duty-cycles by each control loop. Since no external
sensors beyond the PCC are required, the approach is readily
applicable to already existing GCC systems as add-on local
voltage support.

Results from numerical simulations validate the perfor-
mance of the method, showing grid current harmonic distortion

being reduced from 51.92% to 3.47% and PCC voltage dis-
tortion from 4.62% to 0.91%. The superior material properties
of the next SiC generation allows an advanced practical
realization of the proposed algorithms.
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