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Enabling Grid-Feeding Converters with a

Dissonant-Resonant Controller for

Negative-Sequence Voltage Elimination
Manel Velasco, Pau Martı́, Antonio Camacho, Juan M. Rey, Jaume Miret, Member, IEEE, and Miguel Castilla

Abstract—The mitigation of the adverse effects of voltage
unbalance in equipment and power quality can be performed by
the power electronic converters that interface distributed gener-
ators to the grid. Inspired in a resonant controller, this paper
presents a dissonant-resonant controller for negative-sequence
voltage elimination for a grid-feeding converter connected to
the grid. The controller eliminates the negative-sequence voltage
at the converter output with a regulable precision, it does not
require knowing the grid impedance for successful operation,
and it can be a good candidate for parallel operation because it
operates not like an integrator, but like an ”untuned” integrator.
Using the stationary αβ frame, a closed-loop model is developed
in a complex space vector built from the complexification of the
stationary components. This allows extracting stability conditions
for safe closed-loop operation as well as deriving design guide-
lines for the controller parameters. Numerical and experimental
results show the ability of the proposed controller to meet its
design goals, thus corroborating the theoretical approach.

Index Terms—Grid-feeding converter, αβ components,
negative-sequence, resonant controller

I. INTRODUCTION

One of the most common phenomena in power systems is

voltage unbalance. Its elimination is motivated by the adverse

effects on equipment and power quality, such as electrical

machine overheating, transformer overloading, capacity lim-

itation of power electronics, more losses and less stability

of power system, and negative impacts on induction motors

and adjustable speed drives [1], [2]. The voltage unbalanced

concerns trigger also new regulations in grid codes. Although

the definition and regulation of voltage unbalance differs

among standardization organizations and local regulators, for

example, the standard EN 50160 indicates that the voltage

unbalance factor must be less than 2% for low and medium

voltage systems [3].

Therefore, control techniques to compensate the unbalance

must be developed. Electronic converters interfacing dis-
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tributed generation units (DGs) in grid-feeding, grid-forming,

or grid-supporting configurations [4] can be considered a

promising solution in front of other strategies that require

installing additional equipments such as series or shunt active

power filter, series-parallel compensators, static synchronous

compensators, and energy storage units [5]–[7].

Research regarding grid-connected converters under unbal-

anced grid voltage has been largely treated, see e.g. [8]–[28].

Most of the control proposals serve diverse control objectives

(mitigation of the unbalance, voltage-ride through, mitigation

of voltage fluctuations, elimination of harmonics, elimination

of dc link current ripples, etc) while considering different

type of grid impedances. However none of them is devoted

only at eliminating the negative-sequence voltage that the grid

unbalance generates with independence of the specific grid

impedance.

Limiting the scope to grid-feeding converters, this paper

presents a control strategy that targets negative-sequence volt-

age elimination at the inverter output where a local load is

connected. The voltage unbalance is assumed to be generated

by the main grid. This assumption permits focusing only on

the negative-sequence controller because both the negative-

sequence controller and the positive-sequence controller (in

charge of delivering the active power to the grid, among

other tasks) are decoupled in terms of steady-state dynamics.

The development of an appropriate control algorithm is chal-

lenging since existing control algorithms may not be directly

applicable if parallelization is desired. Note that these power

converters already operate in parallel with other grid-feeding

power converters in grid-connected mode.

While the proportional-integral (PI) controller guarantees

zero steady-state error for DC references, for AC references

unavoidable steady-state amplitude and phase errors occur

because it does not comply with the internal model princi-

ple [29]. Complementary, resonant (R) controllers [30] become

a promising alternative because they have been developed

upon the internal model principle [31], and they have been

applied in many forms and scenarios in power generation

systems [32]–[34].

Motivated by these advantages, R controllers are chosen as

a baseline control approach to eliminate the negative-sequence

voltage. Moreover, they are generalized into a new form called

dissonant-resonant (DR) controllers in order to provide a richer

set of performance features. The DR controller is defined in

the αβ stationary reference frame, which implies that grid

voltages are transformed to the αβ components and then, by
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Fig. 1. Scheme of the grid-feeding converter (modeled as a three-phase current
source) with a local load and connected to the grid through an RL line.

means of a sequence extractor, into symmetric sequences for

negative-sequence voltage elimination. See [35]–[38] for the

foundations, review and implemetation details of sequence

extractors. This paper uses the second order generalized in-

tegrator (SOGI) [36], [37] as a sequence extractor.

The constructive idea behind the DR controller is to obtain

an untuned integrator through a generalization of a R con-

troller. The untuned feature is included to avoid undesirable

properties that otherwise may appear when multiple integrators

are operated in parallel, such as destabilizing effects or reach-

ing undesirable equilibria [39], [40]. Intuitively, in the Laplace

domain, an untuned integral controller for DC references

could be understood as a low-pass filter with an adjustable

pole that can be made as close to zero as desired. For AC

references, the generalization of the R controller is achieved

by adding an additional frequency to the natural frequency

to alter the rotation frequency, creating a dissonant effect.

The design of the additional frequency permits increasing the

set of desired transient dynamics for the closed-loop system

with respect to those that can be achieved by a standard R

controller. The paper also presents the stability analysis and

controller design guidelines for the DR controller. A closed-

loop model is presented in the αβ frame using a complex

space vector built from the complexification [41] of the αβ
negative-sequence components. The presented DR controller

has been experimentally tested in a laboratory set-up and its

performance results corroborate its effectiveness.

The rest of this paper is structured as follows. Section II

presents the problem to be solved. Section III presents the

controller. Section IV presents the stability analysis and pro-

vides controller design guidelines. Section V summarizes the

experimental results and Section VI concludes the paper.

II. PROBLEM DEFINITION

A. Plant Model

The considered three-phase plant is illustrated in Fig. 1.

Without loss of generality, it is assumed that the unbalance

occurs at the grid side, and R is a sensitive local load that

requires balanced voltages. Therefore, the output voltages v1,

v2 and v3 of the grid-feeding converter must be balanced.

By using the modified nodal analysis, the plant can be

compactly described by

#»v 1,2,3 = G(s)
#»

i a,b,c +W(s) # »vga,b,c (1)

whose detail is given by




v1(s)
v2(s)
v3(s)



 =





G11(s) G12(s) G13(s)
G21(s) G22(s) G23(s)
G31(s) G32(s) G33(s)









ia(s)
ib(s)
ic(s)





+





W11(s) W12(s) W13(s)
W21(s) W22(s) W23(s)
W31(s) W32(s) W33(s)









vga(s)
vgb(s)
vgc(s)



 .

(2)

Matrices G(s) and W(s) in (1), where s is the Laplace op-

erator, are symmetric with diagonal and off-diagonal transfer

functions, Gii(s) and Gij(s) or Wii(s) and Wij(s), given by

Gii(s) =
LL

2s2 + (2LLRL + 3RLL)s+RL
2 + 3RRL

3LLs+ 3R+ 3RL

(3)

Gij(s) =
LL

2s2 + 2LLRLs+RL
2

3LLs+ 3R+ 3RL

(4)

Wii(s) =
LLs+RL + 3R

3LLs+ 3R+ 3RL

(5)

Wij(s) =
LLs+RL

3LLs+ 3R+ 3RL

. (6)

The grid voltages and currents are transformed into the αβ
frame. This is done by applying the αβ tranformation

#»xa,b,c =





xa

xb

xc



 =






1 0 1

− 1
2

√
3
2 1

− 1
2 −

√
3
2 1










xα

xβ

xγ



 = T #»xα,β,γ

(7)

where xi stands for either current or voltage in the given frame.

By applying the transformation (7) to the model given in (1),

the following plant expression is obtained

#»v α,β,γ = T−1
G(s)T

#»

i α,β,γ + T−1
W(s)T # »vgα,β,γ

= Gα,β,γ(s)
#»

i α,β,γ +Wα,β,γ(s)
# »vgα,β,γ

(8)

whose detail is given by




vα(s)
vβ(s)
vγ(s)



 =





Gαα(s) 0 0
0 Gββ(s) 0
0 0 Gγγ(s)









iα(s)
iβ(s)
iγ(s)





+





Wαα(s) 0 0
0 Wββ(s) 0
0 0 Wγγ(s)









vgα(s)
vgβ(s)
vgγ(s)





(9)

where

Gαα(s) = Gββ(s) =
RLLs+RRL

LLs+R+RL

, Gγγ(s) = RL + LLs

Wαα(s) = Wββ(s) =
R

LLs+R+RL

,Wγγ(s) = 1.

(10)

It is interesting to observe that the αβ plant model (8)-(10)

is decoupled (diagonal) and each voltage can be controlled

individually. At this point, the modeling effort makes use of

the property that complex numbers C can be represented by

particular real matrices in R2x2 [41] as follows

a+ jb ↔
(
a −b
b a

)

(11)

where a, b ∈ R and j =
√
−1, and under which addition and

multiplication of complex numbers and matrices correspond to
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Fig. 2. Open-loop system.

each other. Then, looking at the plant model (8)-(10), it can

be observed that the first two diagonal elements of Gα,β,γ,

Gαα(s) and Gββ(s), are equal, and that the corresponding off-

diagonal elements Gαβ and Gβα are equal and with opposite

sign. Hence, the αβ 2 × 2 subsystem of Gα,β,γ satisfies the

complexification property (11). A similar observation can be

made for the αβ 2 × 2 subsystem of Wα,β,γ in (8)-(10).

Therefore, after application of (11) to the αβ 2×2 subsystems,

the plant model (8)-(10) can be written as

vα+jβ =
RLLs+RRL

LLs+R+RL

iα+jβ +
R

LLs+R+RL

vgα+jβ .

(12)

It is important to note that since the load R is balanced, the

plant model given in (12) also holds for both the symmetric

components of the currents and voltages. Hence, the negative-

sequence of (12) can be written as

v−α+jβ =
RLLs+RRL

LLs+R +RL

i−α+jβ +
R

LLs+R+RL

vg−α+jβ

= G−(s)i−α+jβ +W−(s)vg−α+jβ

(13)

that provides a compact representation of the open-loop plant

model, which can be represented in terms of block diagrams as

in Fig. 2. The plant model (13) is a linear model with complex

input and output variables. The plant input is the negative-

sequence current i−α+jβ , the plant output is the negative-

sequence voltage v−α+jβ , and the unbalance grid negative-

sequence voltage vg−α+jβ is viewed as a perturbation.

B. Problem Formulation

Given the plant model (13), the problem to be solved is

to find the appropriate negative-sequence current i−α+jβ that

eliminates the negative-sequence voltage, that is, such that

v−α+jβ = 0. It is important to note that v−α+jβ ∈ C, which

means that it has a modulus | · | and a phase θ(·). Hence, to

achieve v−α+jβ = 0 means to have |v−α+jβ | = 0 while θ(v−α+jβ)
in this particular case is not defined.

C. Problem Feasibility

By taking (13), making v−α+jβ = 0, and isolating i−α+jβ , the

following expression is obtained

i−α+jβ =
1

LLs+RL

vg−α+jβ (14)

which is a differential equation whose solution indicates that

it does exist a current that eliminates the negative-sequence

Fig. 3. Closed-loop system.

voltage. Therefore, the problem can be solved, but it would

require a measure of the grid impedance (RL and LL), and

a measure of the unbalanced voltage vg−α+jβ . However, none

of these measures is available. Instead, the converter output

voltages v1,2,3 will be measured, then transformed into the

αβ stationary frame components, and then further transformed

into the symmetric components via a SOGI. And only the

complexificated negative-sequence component v−α+jβ will be

used for the control purposes.

Schematically, the closed-loop configuration is given in

Fig. 3, where the goal is to design the control C(s) where

the reference input is the negative-sequence voltage that is

zero, (v−α+jβ)
∗ = 0, and the sensor transfer function H(s)

corresponds to the SOGI.

III. CONTROL PROPOSAL

This section presents the new dissonant-resonant (DR) con-

troller and establishes a comprehensive relation between the

DR controller and a ”untuned” standard resonant (R) controller

in the αβ frame. In addition, the stability analysis of the

closed-loop system is provided, together with the controller

design guidelines.

A. Dissonant-Resonant (DR) Controller

In order to solve the problem formulated in sub-section II-B,

the following dissonant-resonant (DR) controller is proposed

i−α+jβ = ke−jω0t

∫

ejωdt
(

|(v−α+jβ)
∗| − |v−α+jβ |

)

dt (15)

where ω0 is the grid frequency given by the SOGI-FLL

(frequency locked loop) [37], and the integral gain k ∈ C

and the dissonant frequency ωd are the control parameters.

B. From a R Controller to a DR Controller

A standard R controller in the stationary reference frame

for the negative-sequence is given by [32]

(
i−α (s)
i−β (s)

)

=

(
Ks

s2+ω2
0

Kω0

s2+ω2
0

− Kω0

s2+ω2
0

Ks
s2+ω2

0

)(
ε−α (s)
ε−β (s)

)

(16)

where K ∈ R is the integral gain, and ε−α (s) and ε−β (s) are

the voltage errors given by

ε−α (s) = (v−α (s))∗−v−α (s), ε
−
β (s) = (v−β (s))∗−v−β (s). (17)
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By noting that the complexification property (11) can be

applied to (16), the R controller can also be written as

i−α+jβ =

(
Ks

s2 + ω2
0

− j
Kω0

s2 + ω2
0

)

ε−α+jβ (18)

which can be further rearranged as follows

i−α+jβ =
Ks− jKω0

s2 + ω2
0

ε−α+jβ =
K

s+ jω0
ε−α+jβ . (19)

Note that the transfer function in (19) is a synchronous

integrator in negative-sequence [42] in the αβ frame. By

applying the Laplace transform and related properties to (19),

the following differential equation is obtained

di−α+jβ

dt
+ jω0i

−
α+jβ = Kε−α+jβ. (20)

By assuming zero initial conditions, the solution of (20) is

i−α+jβ = Ke−jω0t

∫

ejω0tε−α+jβdt (21)

which is a complexificated R controller in the αβ frame. In

order to avoid a ”pure” integrator, controller (21) is modified

adding a dissonant frequency ωd to the system frequency ω0

of the exponential inside of the integral (future work will

study the effect of this modification in the frequency of the

exponential outside of the integral), which leads to

i−α+jβ = Ke−jω0t

∫

ej(ω0+ωd)tε−α+jβdt. (22)

The modification included in (22) can be explained as follows.

Looking at (21), the negative-sequence voltage error ε−α+jβ

rotates at frequency −ω0 (for being the negative component).

Hence, by multiplying it inside the integral by ejω0t has

the effect of cancelling the rotation. Then integration takes

places, and the multiplication by the outside term e−jω0t

makes the obtained negative-sequence current to rotate again

at frequency −ω0. The inclusion of the dissonant frequency ωd

in (22) does not permit a perfect cancellation of the frequency

rotation of the negative-sequence voltage error ε−α+jβ , thus

leading to a dissonant integrator.

By using the polar notation of the αβ negative-sequence

errors given in (17), the complexificated voltage error negative-

sequence ε−α+jβ can be written as

ε−α+jβ = (v−α+jβ)
∗ − v−α+jβ

= |(v−α+jβ)
∗|e−j(ω0t−ϕ) − |v−α+jβ |e−j(ω0t−ϕ′)

(23)

where ϕ and ϕ′ are initial phases. Then, substituting (23)

into (22), simplifying ω0 wherever possible, and removing the

common factor ejϕ
′

, the following expression is obtained

i−α+jβ = ke−jω0t

∫

ejωdt
(

|(v−α+jβ)
∗|ej(ϕ−ϕ′) − |v−α+jβ |

)

dt

(24)

with k = ejϕ
′

K. (25)

Note that the term |(v−α+jβ)
∗|ej(ϕ−ϕ′) in (24) can be con-

sidered as a new negative-sequence voltage reference. Hence,

making an abuse of notation, it could be re-defined as

|(v−α+jβ)
∗| , |(v−α+jβ)

∗|ej(ϕ−ϕ′). (26)

Using (26) and (25) in (24), the DR controller (15) is obtained.

C. DR Controller Properties

From the definition of the DR controller (15) and its

relation to a standard R controller given in the previous sub-

section, the following properties can be highlighted. First,

the gain (25) depends on the initial condition because of its

dependency on the initial phase ϕ′ in ejϕ
′

. In fact, this term

has a modulus equal to 1, that is, it does not change the

value of K , but points towards an undetermined direction,

which creates uncertainty that may impact the closed-loop

dynamic behavior. To overcome the problem that may arise

for achieving repetitive experiments, the controller is activated

when ϕ′ = 0.

Second, when the dissonant frequency is ωd = 0, the

DR controller (15) operates like a standard R controller, as

it can be observed in (22). Therefore it can be considered

a generalization of the R controller which is an integral

controller of the negative-sequence voltage error in modulus,

rotated at frequency −ω0.

Third, looking at the control parameters of the DR con-

troller, the integral gain k can be used to boost performance

and it is related to the final error. And the dissonant frequency

ωd affects the rotation frequency, thus providing a smooth

transition from a proportional to an integral controller in terms

of logical operation.

IV. STABILITY ANALYSIS

The plant transfer functions G−(s) and W−(s) in Fig. 3 are

given in (13), the controller C(s) is the DR controller (15),

and the sensor H(s) is the SOGI whose model characterized

by a damping factor ξ in complexificated form is [43]

H(s) =
ξω0s− jξω2

0

s2 + ξω0s+ ω2
0

. (27)

Therefore, the stability analysis of the closed loop model

illustrated in Fig. 3 can be performed using the closed-loop

transfer function given by

GCL(s) = G(s)C(s) [1 +H(s)G(s)C(s)]
−1

(28)

where the minus subscript of G−(s) has been removed, the

input and output are (v−α+jβ)
∗ and v−α+jβ , respectively, and

the controller transfer function C(s) is computed next.

A. Controller Transfer Function

The transfer function is obtained as follows. First, by using

again the polar notation, the modulus of the negative-sequence

voltage v−α+jβ can be written as

|v−α+jβ | = ej(ω0t+ϕ)v−α+jβ (29)

By using (29), the DR controller (15) can be expressed as

i−α+jβ = ke−jω0t

∫

ejωdt
[

|(v−α+jβ)
∗| − ej(ω0t+ϕ)v−α+jβ

]

dt

(30)

By removing the common factor ejϕ in (30) and performing

some calculations, the DR controller is written as

i−α+jβ = kejϕe−jω0t

∫

ejωdtejω0t
[

v̄∗ − v−α+jβ

]

dt (31)
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where

v̄∗ = e−jω0t−jϕ | (v−α+jβ)
∗ | (32)

becomes the new reference input but it does not affect the

stability analysis. Note also that similar than the gain given

in (25), the gain k in (31) is multiplied by ejϕ. Hence, for

each given k value, the initial direction ϕ will determine

performance and the shape of the stability region.

In order to obtain the Laplace transform of (31), the

derivative of (31) is performed to obtain

di−α+jβ

dt
=− jω0 ke

jϕe−jω0t

∫

ejωdtejω0t
[

v̄∗ − v−α+jβ

]

dt

︸ ︷︷ ︸

i
−

α+jβ

+ kejϕejωdt
[

v̄∗ − v−α+jβ

]

= −jω0i
−
α+jβ + kejϕejωdt

[

v̄∗ − v−α+jβ

]

(33)

which can then be easily transformed into

sI−α+jβ(s) = −jω0I
−
α+jβ(s) + kejϕE(s− jωd) (34)

where the error E(s − jωd) has been obtained using the

frequency shifting property of the Laplace transform given by

L{eatx(t)} = X(s− a). (35)

The controller transfer function can not be still obtained

from (34) because the input E(·) and the output I−α+jβ(·) have

different arguments, s− jωd and s, respectively. This problem

is solved applying the shift operator [44] given by

x(t+ a) = ea
d
dt x(t) (36)

Therefore, the application of (36) to the controller equa-

tion (34) leads to

sI−α+jβ(s) = −jω0I
−
α+jβ(s) + kejϕe−jωd

d
ds E(s) (37)

which can be further written as

C(s) =
I−α+jβ(s)

E(s) = (s+ jω0)
−1

kejϕe−jωd
d
ds

=C̄(s)e−jωd
d
ds

(38)

B. Stability Condition and Controller Design Guidelines

At this point the closed loop transfer function in (28) can be

constructed because transfer functions of the plant (13), SOGI

(27) and controller (38) are available, while reminding that

the new reference input is v̄∗(s) defined in the time domain

in (32) and the output is V −
α+jβ(s).

By applying the push through rule to (28) it is obtained

GCL(s) = [1 +G(s)C(s)H(s)]−1 G(s)C(s) (39)

which is nonlinear due to the non-linear expression of the

controller C(s) (38) caused by the presence of the d
ds

operator.

By applying the small gain theorem [45], the closed loop

system (39) will be stable if
∥
∥
∥G(s)C̄(s)H(s− jωd)e

−jωd
d
ds

∥
∥
∥
∞

< 1 (40)

0 200 400 600 800

d
 (rad/s)

1000

2000

3000

4000

5000

6000

k
m

a
x

Fig. 4. Values of kmax as a function of ωd.

holds, where ‖·‖∞ denotes the infinite norm and the controller

C(s) has been replaced by he expression given in (38). By us-

ing the sub-multiplicative property of the norm, condition (40)

can be written as
∥
∥
∥G(s)C̄(s)H(s− jωd)e

−jωd
d
ds

∥
∥
∥
∞

≤
∥
∥G(s)C̄(s)H(s− jωd)

∥
∥
∞

∥
∥
∥e−jωd

d
ds

∥
∥
∥
∞

< 1
(41)

By noting that the norm of the shift operator is 1, the stability

condition (41) simplifies to
∥
∥G(s)C̄(s)H(s− jωd)

∥
∥
∞

< 1 (42)

By replacing in the stability condition (42) the transfer

functions of the plant (13), SOGI (27) and controller (38), a

relation is stablished between the dissonant frequency and the

controller gain in terms of stability. In particular, for a given

dissonant frequency ωd and by solving the inequality (42),

an upper bound for the modulus of the controller gain k,

namely kmax, is obtained. For example, by taking one of

the values for the dissonant frequency that is used in the

experiments presented in next section, ωd = 174 rad/s, the

inequality (42) becomes the expression given in (43), whose

solution for k provides a value kmax ≃ 3000. Fig. 4 shows

the kmax/ωd dependency by varying the dissonant frequency

from ωd = 0 to ωd = 2ω0, being ω0 = 2π60. It is important to

note that stability is determined by the modulus of k. However,

the shape of the system response is determined by its angle,

which is given by the relation of its real and imaginary part.

V. EXPERIMENTAL RESULTS

The proposed control strategy has been tested in the labo-

ratory set-up given in Fig. 5 where six grid-feeding converters

operate in a grid-connected AC microgrid. Two scenarios are

considered. First, the basic scenario that mimics the scheme

shown in Fig. 1 where a single grid-feeding converter, G1

in Fig. 5, enabled with the DR controller is connected to

an unbalanced grid while supplies the local load L1. In this

basic scenario, the rest of converters (G2 to G6) of Fig. 5

are disabled. And second, the parallel scenario where the six

grid-feeding converters connected to an unbalanced grid are

also enabled with DR controllers. Each grid-feeding converter

is implemented using a Guasch three-phase inverter with a

damped LC-filter and a DY transformer. The input of the
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Fig. 5. Plant scheme for parallel operation.

TABLE I
NOMINAL VALUES OF THE SYSTEM SET-UP.

Description symbol nominal value

nominal power Sn 3.5 kVA
DC-link voltage 400 V
grid voltage vg 155 V(l-n, peak)
grid frequency ω0 2π60 rad/s
grid inductance LL 4.6 mH
grid resistance RL 0.5 Ω
LC filter inductances 5 mH
LC filter capacitances 1.5 µF
LC filter damping resistors 68 Ω
T1 and T2 power rating 10 kVA
T3, T4 and T5 power rating 5 kVA
T6 power rating 3 kVA
T1 and T2 equivalent impedance 0.5 + 3.7j Ω
T3, T4 and T5 equivalent impedance 1.13 + 2.2j Ω
T6 equivalent impedance 1.95 + 6.77j Ω
nominal local load R 24 Ω
switching frequency 10 kHz
SOGI damping factor ξ 0.707

converter is supplied by an Amrel DC power source. The

grid is emulated by a Pacific Power AC power source with a

grid impedance emulated using discrete RL impedances. For

the basic scenario, the setup is configured to have the single

converter G1 injecting 600 W of active power. The main set-

up parameters are listed in Table I such as the components of

the six LC filters, which are all equal, and the characteristics

of the six DY transformers that interface each converter in

Fig. 5. In Table I transformers are named as Ti, i = 1, . . . , 6,

and they are not all equal, which permits configuring different

types of connections.

It is important to note that for both basic and parallel

scenarios being analyzed, the impedance value is abnormally

high. This unrealistic weak characterization has been chosen

on purpose to maximize the problem to be solved, which also

permits observing the performance of the DR controller in

a more accurate way. The operation of the proposal has been

also successfully verified in more conventional grid conditions.

Note also that although the grid impedance has a given value,

the DR controller does not need to know it for successfully

achieving the control goal.

The DR controller is implemented on a Texas Instruments

F28M36 digital signal processor. The sequence extractor and

the internal controllers for the current loop are based on

SOGI-FLLs. The current loop also includes a space vector

modulator to compute the switching times of each converter

branch. Phase voltages and currents are measured and exported

to Matlab. In the experiments, at time t = 0 s the grid is

unbalanced, and the amplitude of the G1 negative-sequence

voltage is 5 V, which gives an unbalance factor of 3.2%, thus

being above of the recommended limit of 2% given by the EN

50160 standard. Then, for the basic scenario, the DR controller

is activated at time t = 0.2 s.

A. Main Result

Fig. 6 shows the performance and main actors of the

proposed controller for negative-sequence voltage elimination

for the basic scenario. Sub-fig. 6a shows the modulus of

negative-sequence voltage |v−α+jβ | that starts with an initial

value near 5 V, and after applying the DR controller at time

t = 0.2s, it starts to decrease towards zero, meeting the

control goal that motivated its development. In this experiment,

the control parameters are specified to be the gain k with

Im{k} = 0 and Re{k} = 1400 (and therefore initial phase

ϕ′ = 0) with a dissonant frequency ωd = 174 rad/s, which

are appropriate settings according to the design guidelines

given in the previous section because the stability limit for

this frequency was with kmax ≃ 3000. In addition, the real

and imaginary part of the controller gain k are illustrated using

an arrow representing a vector in a real-imaginary circle also

plotted in the Sub-fig.

Fig. 6 shows also other signals of interest. Voltages va,b,c are

not shown because the unbalance is difficult to be observed.

Instead, αβ negative-sequence voltage v−α and v−β (Sub-

fig. 6b), and currents ia,b,c (Sub-fig. 6c) are displayed. To

better illustrate the results, two zoom-in views of the currents

ia,b,c are also presented in Sub-fig. 6d and 6e that correspond

to the initial and final part of the experiment, respectively

plotted with different x-axis. Sub-fig. 6d shows the currents

ia,b,c when the voltage unbalance is present and not action is

taken to remove it (from time t = 0.1 s to t = 0.16 s), which

implies currents perfectly balanced. Alternatively, Sub-fig. 6e

shows the currents ia,b,c after 1 s when voltages have already

been balanced by the unbalance of the currents achieved by

the action of the controller (from time t = 1.1 s to t = 1.16
s). The unbalanced currents achieve balance in voltages by

eliminating the negative-sequence voltage.

Fig. 7 complements Fig. 6 by illustrating the existing

decoupling in steady-state dynamics for both positive and

negative-sequence controllers while showing their coupling

in the transient. In particular, Fig. 7 shows the performance
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Fig. 6. Performance of the DR controller using gain k with Im{k} = 0 and
Re{K} = 1400, with ωd = 174 rad/s: (a) modulus of negative-sequence
voltage, (b) αβ negative-sequence voltages, (c) currents ia,b,c, (d) currents
ia,b,c zoom-in before applying the controller and (e) currents ia,b,c zoom-in
after applying the controller.

of the same DR controller when the converter is subject to

a change in active power injection. A load change at time

t = 0.8 s occurs and requires doubling the active power

injection, increasing from 600 W to 1200 W. As it can be

observed, the increase in the power injection leads to an in-

crease in the injected currents (Sub-fig. 7b) while the negative-

sequence voltage (Sub-fig. 7a) reaches the expected steady-

state equilibrium although a small overshoot can be observed

when the load change occurs due to the coupling introduced

by the SOGI. This experiment permits corroborating that the

DR controller operates as desired without altering or being

altered by the positive-sequence controller whose main task is

to inject the active power generated by the source.
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Fig. 7. Performance of the DR controller subject to a change in active power
injection from 600 W to 1200 W at time t = 0.8 s, using gain k with
Im{k} = 0 and Re{K} = 1400, with ωd = 174 rad/s: (a) modulus of
negative-sequence voltage and (b) currents ia,b,c.

B. Real and Complex Part of the DR Controller Gain

Similar to Sub-fig. 6a, Fig. 8 shows the performance of the

DR controller for different initial phases of the controller gain.

As before, the different settings of the real and imaginary part

of the controller parameters are illustrated by the vector arrow

plotted in each Sub-fig. As it can be observed, the phase of the

gain k has an effect on the transient dynamics. Nevertheless,

for any phase, the DR controller is able to eliminate the

negative-sequence voltage.

Fig. 9 shows the performance of the DR controller for

different settings of the modulus of the controller gain k. The

real and imaginary part of the controller gain keep the same

angle but its modulus increase in each Sub-fig., from left to

right. As it can be seen, the greater the gain, the faster the

response. However, from |k| = 2800 the system is no longer

stable, as it can be seen for |k| = 3000 in Sub-fig. 9d, thus

corroborating the numerical study given in sub-section IV-B.

C. Enriching the Closed-Loop Dynamics

The dissonant frequency ωd is the parameter of the DR

controller (15) that permits generalizing the operation of a

standard R controller in such a way that a richer set of

closed-loop dynamics can be obtained. Fig. 10 shows the

performance of the DR controller for different settings of

the dissonant frequency in such a way that different pairs of

(ωd, |k|) apply. In the experiments, the variation of ωd goes

together with a variation of the modulus of the controller gain

in order to achieve in all the experiments the same settling

time with different dynamics. In particular, from left to right,

Sub-figures 10a, 10b and 10c are characterized by (ωd, |k|) =
{(17.4, 140), (174, 1400), (1740, 14000)}, respectively, where

ωd is in rad/s. This rich set of dynamics could not be achieved

by a standard R controller.

In addition, Fig. 11 provides a comparison of the DR

controller with a given particular setting, |k| = 1400 and

ωd = 174 rad/s, with respect to a R controller with the

same gain. As it can be observed, the R controller also
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Fig. 8. Modulus of the negative-sequence voltage for different settings of the controller gain k subject to |k| = 1400, with ωd = 174 rad/s: (a) ϕ′ = 0◦,
(b) ϕ′ = 45◦ , (c) ϕ′ = 90◦ , (d) ϕ′ = 135◦, (e) ϕ′ = 180◦, (f) ϕ′ = 225◦ , (g) ϕ′ = 270◦ , and (h) ϕ′ = 315◦ .
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Fig. 9. Modulus of the negative-sequence voltage for different settings of the controller gain k, with ωd = 174 rad/s, Im{k} = 0 and (a) Re{k} = 700,
(b) Re{k} = 1400, (a) Re{K} = 2000, (a) Re{K} = 3000.
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Fig. 10. Modulus of the negative-sequence voltage for different settings of the controller rotation speed ωd, that leads to different pairs of (ωd, |k|) :
(a) (17.4, 140), (b) (174, 1400), and (c)(1740, 14000) (where ωd is in rad/s).
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Fig. 11. Modulus of negative-sequence voltage of the DR controller using
gain k with Im{k} = 0 and Re{k} = 1400, with ωd = 174 rad/s compared
to the standard resonant controller with |k| = 1400.

eliminates the negative-sequence voltage. But the transient

dynamics of the R controller are slower that the DR controller.

Specifically, looking at the settling time where the negative-

sequence voltage remains within 5% of zero, the DR controller

reaches this point at time t = 0.6 s while the R controller does

it at time t = 1.1 s, suggesting that the DR controller is almost

two times faster than the R controller when both controllers

are characterized by the same integral gain.
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Fig. 12. Negative-sequence voltage elimination for parallel DR controllers:
synchronized (a) and serial (b) activation.

D. Parallel Operation

Fig. 12 completes the experimental validation of the DR

controller analyzing its performance in parallel operation when

six grid-feeding converters operate in a grid-connected AC
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microgrid, as illustrated in Fig. 5. In this scenario, the voltage

of the main grid is unbalanced and the converters are supplying

the load L1 with 100 W each. For each converter, the damped

LC filter and the DY transformer specifications are given in

Table I. The goal of each local DR controller is to eliminate

the negative-sequence voltage seen in each converter output.

Two experiments are performed. The first one, Sub-figure 12a,

covers the synchronized activation of the six DR controllers

of the six converters, meaning that all of them are activated at

the same time, at t = 0.2 s. The second one, Sub-figure 12b,

covers the serial activation of the six DR controllers. In this

case, starting at t = 0.2s, and every 0.2 s approximately, every

DR controller is activated, starting from G1 to G6. Both sub-

figures in Fig. 12 shows that all DR controllers eliminate the

negative-sequence voltage. It is worth noting that the serial

activation covers the wort case scenario in terms of coupling

effects among the controllers. In particular, it illustrates the

coupling effect that each activation of each converter DR

controller has in the negative-sequence voltage seen by the

other converters. The performance of each controller after the

activation of a new one highly depends on the initial phase

that it has to deal with, which determines the closed-loop

dynamic behavior delivered by each controller, as discussed

in the description of the properties of the DR controller given

in Sub-section III-C.

VI. CONCLUSION

The elimination of voltage unbalance leads to higher power

quality. Motivated by this fact, this paper has presented a

novel controller strategy for a grid-feeding converter capable

of suppressing the negative-sequence voltage at the converter

output. The control strategy, based on the application of

a resonant controller, defines a generalized structure, called

dissonant-resonant controller, that is characterized by two

control parameters whose adjustment permits the controller to

act almost like a pure integral controller. As a consequence,

it has the ability of completely remove the error, that is, to

remove the negative-sequence voltage without incurring in the

problems that integral controllers may have in parallel opera-

tion. In addition, the control goal is achieved regardless of the

impedance value of the grid. The presented stability analysis

permits a safe design while indicating design guidelines for the

control parameters. Future work will focus on the extension

of this control algorithm to grid-forming converters.
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