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A Synchronous Reference Frame PI Current
Controller With Dead Beat Response

Claudio A. Busada, Sebastian Gomez Jorge , and Jorge A. Solsona , Senior Member, IEEE

Abstract—In this paper, a new structure of a proportional in-
tegral (PI) current controller implemented in a synchronous d, q
reference frame (SRF-PI), for grid-tied voltage inverters, is pre-
sented. The controller has deadbeat response for current reference
tracking, reaching it in two samples. It also keeps the main feature
of the SRF-PI controller: its ability to track without error, in the ab-
sence of other disturbances, a positive sequence current reference
of fundamental frequency. Furthermore, the controller ensures the
full decoupling between the currents of axesd and q. The controller
is compared, through simulation and experimental results, with one
SRF-PI controller recently published in the literature. It is verified
that the proposed controller introduces noticeable improvements
in both the transient response and in the steady-state response to
perturbations in the control loop.

Index Terms—Current control, digital current control system,
proportional integral (PI), real and reactive power control, syn-
chronous d–q frame.

I. INTRODUCTION

VOLTAGE source inverters (VSI) are widely used in the in-
jection of renewable resources into distribution networks.

In order to comply with the increasingly restrictive interconnec-
tion standards, VSI current control becomes an increasingly rel-
evant issue [1]. The control must not only provide currents with
low total harmonic distortion (THD) [2], but also must present
an excellent dynamic response to meet the required response
times [3], [4].

A high-performance current controller, which at the same time
is characterized by the simplicity of its implementation, is the
predictive dead beat [5], [6]. In the digital signal processor (DSP)
implementation of this controller, it is possible to achieve the
control objective in a time of two samples. It also allows us
to follow arbitrarily fast references, with a delay of only two
samples. In its basic form, the performance of the dead beat
controller is affected by the uncertainties in the plant model [7],
[8] and offers low rejection of nonmodeled disturbances.
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A very popular current controller is the proportional plus res-
onant (PR), which is implemented in a stationary α, β reference
frame. Lately, several efforts have been made to improve the
dynamic response of the PR controllers [9]–[11]. In [12], it is
verified that it is theoretically possible to obtain a dead beat
response with them. However, these controllers have the disad-
vantage of presenting coupling between the injected active and
reactive power (p and q): a change of p affects q, and vice versa.
These controllers are naturally decoupled in the α, β frame, but
coupled in a synchronous d, q reference frame oriented with the
fundamental component of the grid voltage.

Another widely used current controller is the proportional-
integral (PI) controller, implemented in a synchronous d, q refer-
ence frame (SRF-PI) [13]. The controller offers infinite rejection
to disturbances of fundamental frequency and positive sequence,
and can follow without error a current reference of these char-
acteristics (in the absence of disturbances at other frequencies).
Because it is implemented in an SRF, it has the advantage of be-
ing able to decouple the changes of p from the changes of q [14],
[15], providing a precise control of these magnitudes. Although
the SRF-PI is one of the most widespread controllers, it is still
of interest to optimize its response, in terms of settling time and
overshoot [16]. In [17], guidelines for designing an SRF-PI in
discrete time are presented. In order to improve the controller
response, it is very important to properly include the rotation
speed of the SRF in the controller design.

In a recent publication [18], Hoffmann et al. present a PI con-
troller formulated in discrete time, capable of fully decoupling
axes d and q [19]. However, the proposal does not provide full
control of the location of the closed-loop poles of the system.
This limits, as will be seen here, the speed with which the con-
troller can cancel the effect of a disturbance in the control loop.
For various reasons, it is desirable that the controller is quick to
cancel such disturbances. For example, modern grid codes dic-
tate the injection of specific amounts of reactive current within
a maximum period of time after a fault occurrence [3], [4].

In this paper, a new controller structure and design methodol-
ogy for the SRF-PI is presented. As in [18], the proposed SRF-PI
is formulated in discrete time and it ensures full decoupling be-
tween axes d and q. However, the proposed SRF-PI controller
presents the novelty of being able to attain a dead beat response
for current reference tracking. Thus, it combines the advantages
of the standard SRF-PI with the advantages of the dead beat,
both in a single controller. From the SRF-PI, the controller in-
herits its ability to track without error a positive sequence cur-
rent reference of fundamental frequency (in the absence of other
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Fig. 1. (a) System. (b) Controller scheme.

disturbances), and its ability to decouple axes d and q. From the
dead beat controller, the proposal inherits its speed: the ability
to reach and track an arbitrary current reference, with a delay of
only two samples. In addition, the controller designer has full
control over the location of the closed-loop poles of the system.
This allows us to quickly cancel perturbations in the control
loop, and additionally improve the steady-state rejection capa-
bilities. To put the proposal in context with the state of the art, the
proposed controller is compared with that in [18], both through
simulations and experiments.

II. SYSTEM MODEL

Fig. 1(a) shows a three-phase inverter, connected to the grid
through an R–L series circuit. In this paper, the variables are
expressed using complex notation. Variables �vα,βi = vαi + jvβi
and �vα,βs = vαs + jvβs represent the voltage imposed by the in-
verter and the grid, respectively, in the stationary α, β refer-
ence frame. The behavior of the current flowing through the
R–L circuit is described by Ld�iα,βs /dt+�iα,βs R = �vα,βi − �vα,βs

where �is = iαs + jiβs is the current in the inductor. As shown
in Fig. 1(a), reference �vα,βiR imposed to the pulsewidth mod-
ulator (PWM) is the sum of �vα,βff with �vα,βc where �vα,βff is a
feedforward voltage used to partially cancel the effect of �vα,βs

on�iα,βs , and �vα,βc represents the control action imposed by the
current controller. The presence of cancellation voltage �vα,βff is
not mandatory in SRF-PI controllers.

The proposed controller will be implemented in discrete time
in a DSP, using a sampling period Ts. Fig. 1(a) assumes that
there is a one sample delay (Ts) between the calculation of con-
trol action �vα,βiR and the actual application of this voltage at the
inverter output. In order to design the controller, the plant model
must be discretized. Note that the zero-order hold (ZOH) action
is carried out by the PWM of the VSI (which lies naturally in
the stationary frame). This suggest that the ZOH discretization
of the plant must be carried out in the stationary frame. This
is so, even when the current controller is to be implemented in

a synchronous frame. Once the plant is discretized in the sta-
tionary frame, the design of the controller requires transforming
this model to the synchronous frame. Modeling the inverter as
a unity gain, the ZOH discretization of the system of Fig. 1(a)
results [17]

�iα,βs (k + 1) = a�iα,βs (k) + b
[
�vα,βo (k) + �vα,βp (k)

]
(1)

�vα,βo (k + 1) = �vα,βc (k) (2)

where k is the sample number, a = e−RTs/L ∈ �, b = (1−
a)/R ∈ �, �vα,βo (k) defined in (2) is a dummy variable (rep-
resents �vα,βc delayed one sample), and

�vα,βp (k) = �vα,βff (k − 1)− �̄vα,βs (k) (3)

represents a disturbance voltage, with �̄vα,βs (k) the average value
of �vα,βs (t) over the interval kTs ≤ t < (k + 1)kTs [12]. Be-
cause constants a and b of (1) are real numbers, the behavior
of axes α and β of (1) is independent of each other. It is thus
verified that in the α, β frame, both axes are decoupled from
each other.

Fig. 1(b) outlines a controller implemented in a synchronous
d, q frame, shifted an angle θ(k) from the α, β frame. Sig-
nal �id,qs is the d, q representation of signal �iα,βs (k), and �id,qsR

is the reference for this current. Signal �vd,qc is the controller
output. In order to design the controller, it is necessary to
transform (1)–(2) into the d, q frame. It is known that if �f
is a generic variable, the d, q and α, β representations of �f
are related through: �fd,q(k) = �fα,β(k)e−jθ(k), �fd,q(k + 1) =
�fα,β(k + 1)e−j[θ(k)+ωgTs], where ωg is the average d, q frame
rotation frequency, between interval k and k + 1. Applying this
to (1)–(2), its d, q frame representation results

�id,qs (k + 1) = ag�i
d,q
s (k) + bg1

[
�vd,qo (k) + �vd,qp (k)

]
(4)

�vd,qo (k + 1) = bg2�v
d,q
c (k) (5)

where

ag = ae−jωgTs ∈ C (6)

bg1 = be−jωgTs ∈ C (7)

bg2 = e−jωgTs ∈ C. (8)

The fact that constants ag , bg1, and bg2 are complex numbers,
indicates that the axes of system (4)–(5) are coupled [14]. The
z transform of (4)–(5) results

�id,qs (z) =
bg1bg2

z(z − ag)
�vd,qc (z) +

bg1
z − ag

�vd,qp (z). (9)

III. RECENTLY PROPOSED DECOUPLED CONTROLLER

Based on the continuous time model of the R–L plant, the
decoupling of axes d and q is usually performed by adding the
feedforward term jωgL�i

d,q
s to the control action [15]. However,

(4)–(5) show that this method is not effective when the process-
ing delay and the ZOH discretization of the plant are taken into
account. Hoffmann et al. [18] propose a decoupled controller
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Fig. 2. (a) Proposed controller block diagram. (b) Equivalent controller block
diagram.

that takes these into account. In that paper, the following SRF-
PI controller is proposed:

�vd,qc (z)

�id,qsR(z)−�id,qs (z)
= γb−1

g1 b
−1
g2

z − ag
z − 1

(10)

where γ ∈ � is a constant. Applying this controller to (9) the
following closed-loop system is obtained:

�id,qs (z)=
γ

z2 − z + γ
︸ ︷︷ ︸

GR(z)

�id,qsR(z) +
bg1(z − 1)z

(z2 − z + γ)(z − ag)︸ ︷︷ ︸
GP (z)

�vd,qp (z).

(11)

Transfer function GR(z) defined in (11) has real coefficients,
which indicates a perfect decoupling between axes d and q when
there is no perturbation (�vd,qp = 0). With γ = 0.3, the closed-
loop step response has an overshoot of 1% and a settling time,
to 5% of the final value, of only 6 samples [18].

Transfer function GP (s) defined in (11) has the same poles
as GR(s), plus a pole located at z = ag = e−(R

L+jωg)Ts . In a
predominantly inductive R–L circuit, this pole is poorly damped.
Therefore, in general, the closed-loop system will have a slow
response to a variation in perturbation �vd,qp .

IV. PROPOSED CONTROLLER

In what follows, the proposed dead beat controller is pre-
sented. First, the case�vd,qp = 0 is considered, because this distur-
bance does not intervene in the design of the controller. Fig. 2(a)
shows a block diagram of the proposed controller. Block “Plant”
represents the system to control, defined by (9) with �vd,qp = 0.
The controller has two loops, one external and the other internal.
The external loop is composed of a PI controller that has a pole
at z = 1 and one zero. The internal loop involves transfer func-
tion F1, that has one zero at z = 0 and one pole. The internal
loop will be responsible for producing the decoupling between
axes d and q of the system and relocating the poles to suitable
locations. The external loop will regulate the current to the ref-
erence value, with zero dc error. To verify that the internal loop

is able to achieve the decoupling between the axes and of repo-
sitioning the poles, the closed-loop transfer function between
intermediate signal �vd,q1 defined in Fig. 2(a) and current�id,qs is
computed

�id,qs (z)

�vd,q1 (z)
=

κ0︷ ︸︸ ︷
k3bg1bg2

z2 − (k1 + ag)︸ ︷︷ ︸
λ1

z + k2k3bg1bg2 + k1ag︸ ︷︷ ︸
λ0

. (12)

Note that properly choosing the values of gains k1–k3, coeffi-
cients λ0, λ1, and κ0 of (12) can be given arbitrary values. If
these coefficients are real, it is guaranteed that both axes are
decoupled [14]. For example, let a1 ∈ �, |a1| < 1 and a2 ∈ �
be two constants selected by the designer, and choose k1–k3 as
follows:

k1 = a1 + a2 − ag (13)

k2 = a1a2 − k1ag (14)

k3 = b−1
g1 b

−1
g2 . (15)

With this choice, the closed-loop system (12) results

�id,qs (z)

�vd,q1 (z)
=

1

z2 − (a1 + a2)z + a1a2
=

1

(z − a1)(z − a2)
.

(16)

The resulting system is completely decoupled, since all the co-
efficients involved in (16) are real numbers. The poles are relo-
cated to z = a1 and z = a2 along the real axis in the z plane.
This verifies that the internal loop is capable of decoupling axes
d and q and relocating the poles.

The external loop will now be analyzed, after choosing k1–k3
according to (13)–(15). Fig. 2(b) shows this loop, replacing the
internal loop by its equivalent transfer function (16). Note that
the zero of the PI is set at z = a1, so that it is canceled with one
of the poles of (16). For the cancelation to be stable, |a1| < 1
must be satisfied. Then, the closed-loop transfer function of the
system of Fig. 2(b) results

�id,qs (z)

�id,qsR(z)
=

k4
z2 − (a2 + 1)

︸ ︷︷ ︸
ζ1

z + k4 + a2︸ ︷︷ ︸
ζ2

. (17)

Note from (17) that choosing constants a2 and k4 properly, it
is possible to arbitrarily assign coefficients ζ1 and ζ2 of (17),
and therefore, its poles. To obtain a dead beat controller, the
two closed-loop poles of (17) must be located at z = 0 [20]. To
achieve this, a2 = −1 and

k4 = 1 (18)

must be chosen. This results in ζ1 = ζ2 = 0. Doing this, the
constants defined in (13)–(15) of the internal loop result

k1 = a1 − 1− ae−jωgTs (19)

k2 = −k1ae
−jωgTs − a1 (20)

k3 =
ej2ωgTs

b
(21)
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where (13)–(15) were used along with (6)–(8). The design of
the dead beat controller requires only the designer’s choice of
constant a1 ∈ �, |a1| < 1, and knowledge of parameters a and
b of the discrete representation of the plant in the stationary α, β
frame [see (1)]. Once constant a1 is chosen, constants k1–k4 of
the controller must be computed according to (18)–(21).

Constant a1 defines the position of the pole that is canceled
with the zero of the PI. Such cancellation means that its choice
does not affect the transfer function�id,qs /�id,qsR .

Considering now the perturbation input �vd,qp presented in (9),
it is easy to verify that the closed-loop behavior of the system is
described by

�id,qs (z) =
1

z2︸︷︷︸
G′

R(z)

�id,qsR(z) +
bg1(z − 1)(z − k1)

z2(z − a1)︸ ︷︷ ︸
G′

P (z)

�vd,qp (z). (22)

Transfer function G′
P (z) defined in (22) has the same poles as

G′
R(z), plus one pole located at z = a1. Unlike what happens

in (11) where the additional pole location is defined by the time
constant of the R–L plant, in (22), the location of the pole is
defined by the designer by appropriately choosing a1. If |a1| is
small, the closed-loop response of the system to a variation in
perturbation �vd,qp is fast. However, as shown in the next section,
making this constant too small makes the control action more
susceptible to saturation in the presence of a disturbance.

Comment 1: It is worth mentioning that the constants defined
in (19)–(21) are dependent on the frequency of the grid ωg , and
can be adjusted online. However, in grid injection applications,
if these constants are calculated at nominal frequency and not
adjusted online, the closed-loop response does not degrade sig-
nificantly. This is because in these applications, the frequency
is kept in a small neighborhood around its nominal value. The
online update of the controller gains with the frequency is nec-
essary when the SRF-PI is used in machine drive applications
where the frequency varies in a wider range.

Comment 2: Although this paper focuses on obtaining a dead
beat response, it is possible to arbitrarily assign the values of
coefficients ζ1 and ζ2 of (17) following the presented design
procedure. For example, if a slower response than that of the
dead beat is desired, to the effect of reducing the magnitude
of the control action during abrupt changes in the reference,
you can choose in (17) a2 = zp − 1, with 0 ≤ zp < 1 ∈ �, and
k4 = −a2. With this choice, (17) results

G′
R(z) =

�id,qs (z)

�id,qsR(z)
=

1− zp
z(z − zp)

(23)

which places one pole at the origin and the other at z = zp. The
system now behaves as a first-order system, in series with a unit
delay. The proposed design procedure also allows us to obtain
G′

R(z) = GR(z), with GR(z) defined in (11). To do so, a2 = 0
and k4 = γ must be chosen.

V. SIMULATION RESULTS

The proposed dead beat controller will now be simulated,
and compared with the controller proposed in [18, see (10)].
Gains k1 − k4 of the proposed controller were obtained from

(18)–(21), after choosing a1 = 0.75. Controller (10) was de-
signed with γ = 0.3 (the same value used in [18]).

The schematic of the simulated system is shown in Fig. 1(a).
The parameters of the system are the following: L = Lnom =
4.5mH, R = Rnom = 676.66 mΩ, Ts = 100μs, the grid volt-
age is sinusoidal with 110 Vrms and angular fundamental fre-
quency ωg = 2π50 rad/s. The VSI is simulated as a unity gain
controlled voltage source (no switching is included). The syn-
chronism with the fundamental component of the grid voltage
is achieved using an SRF-PLL [21]. To test the behavior of the
closed-loop system to a perturbation input, the method proposed
in [12] will be used. For this, voltage �vα,βff [see Fig. 1(a)] is
made proportional to the fundamental component of the grid
voltage (called hereafter �vα,βs0 ), provided by SRF-PLL. That is,
�vα,βff = K�vα,βs0 , where K is a constant. With this, the perturba-
tion voltage (3) applied to the control loop results

�vα,βp (k) = K�vα,βs0 (k − 1)− �̄vα,βs (k). (24)

An easy way to subject the system to a controlled variation of
perturbation �vα,βp is to introduce a variation in K.

Simulation 1: The response of the proposed controller to a
variation in current references �id,qsR = idsR + jiqsR is first simu-
lated. For the whole simulation, K = 1 was used in (24). Fig. 3
(a) and (b) shows the results. Fig. 3(a) shows the phase currents,
and Fig. 3(b) shows the current references idsR and iqsR (dashed
line), along with currents ids and iqs (solid lines). The simulation
starts with the current references idsR = 10 A and iqsR = 0 A,
injecting 2.33 kW of active power and no reactive power to the
grid. At t = t1, the current reference of the d-axis idsR is reduced
from 10 to 5 A. Current ids copies this reference in two samples,
reaching 5 A. As shown in Fig. 3(b), the current of the q-axis is
not affected by this reference change of the d-axis. 10 ms after
this event, at t = t2, the current reference of the q axis, iqsR, is
increased from 0 to 2.5 A. Fig. 3(b) shows that current iqs copies
this reference in two samples. It is observed that in this case,
the current of the d-axis is not affected by the change of the
current of the q-axis. This verifies the ability to reach the current
reference in only two samples and the decoupling between axes.

This simulation was repeated for controller (10). Fig. 3(c) and
(d) shows the results. As expected, it is verified that the current
references are reached after six samples, with an overshoot of
1%. The decoupling between the axes is also verified. As shown
by the results, controller (10) has a very good transient response
to current reference changes.

Simulation 2: For this simulation, the grid voltage was con-
taminated with the following harmonics: 5th (3%), 7th (2%),
11th (0.3%), and 13th (0.3%) (THD = 3.63%). With this volt-
age, the system is simulated until steady state is reached. Fig. 4
(a) (top) shows the applied grid voltage, 4(a) (middle) shows
the current injected by the proposed controller (THD = 1.91%),
and 4(a) (bottom) shows the current injected by controller (10)
(THD = 4.65%). As can be seen, the proposed controller has
better steady-state disturbance rejection than (10), for the value
of a1 chosen by design. To justify this difference, the magnitudes
(in [dB]) of the frequency responses of GP (z) [defined in (11)]
and G′

P (z) [defined in (22)] were plotted together in Fig. 4(b),
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Fig. 3. Simulation results to reference changes. (a) Phase currents for proposed
controller (in [A]). (b) Current references idsR and iqsR (dashed) and currents ids
and iqs (solid) for proposed controller (in [A]). (c) and (d) same results as (a)
and (b) for controller (10).

as a function of the harmonic order. It can be seen that up to
the 20th harmonic where most of the contamination is located
in realistic grids, the proposed controller has better steady-state
disturbance rejection capabilities. Above that harmonic order,
the opposite happens.

Simulation 3: The dynamic responses of both controllers to a
variation in perturbation�vα,βp was simulated. For each controller,
the reference was set to idsR = iqsR = 0 A during the whole sim-
ulation. Initially, for t < t1, K = 1 was used in the feedforward
term. Then, at t ≥ t1, K is set to 0. Fig. 5 (a) shows the behavior
of the currents using the proposed controller. It can be seen that
the disturbance at t = t1 results in a transient current that devi-
ates from the reference current. As can be seen, the currents take
1.24 ms to reach 5% of the peak value of the transient. Fig. 5(b)
shows the same results for controller (10). Using this con-
troller, the currents take 20.52 ms to reach 5% of the peak value
of the transient. It is verified that the proposed controller has
faster rejection to disturbance �vα,βp than (10). Controller (10) is
noticeably slower in this regard, mainly due to the poor damp-
ing of the pole in transfer function GP (z) of (11), located at
z = ag . Transfer function G′

P (z) of (22), on the other hand, has

Fig. 4. Simulation results in steady state. (a) Phase voltages (top, scale
100 V/div), current injected by the proposed controller (middle, scale 10 A/div)
and current injected by controller (10) (bottom, scale 10 A/div). (b) Magnitude
of Bode plots (in [dB]) of G′

p (solid) and Gp (dashed).

Fig. 5. Simulation results to a step change inK. (a) Phase currents for proposed
controller (in [A]). (b) Phase currents for controller (10) (in [A]).

two poles at the origin and one at z = a1, in a well damped
position.

A. Sensitivity Analysis

In order to analyze with more depth, the effect of the value of
a1 in the behavior of the closed-loop system, the sensitivity func-
tion S and the complementary sensitivity function T = 1− S
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Fig. 6. (a) System block diagram used to obtain S and T . (b) Sensitivity
function. (c) Complementary sensitivity function. a1 = 0.75 (solid), a1 = 0.5
(dash), and a1 = 0.25 (dash dot).

were computed [22]. Defining signals �d and �n in Fig. 6(a), it
results S =�id,qs /�d and T = −�id,qs /�n. Fig. 6(a) is the same as
Fig. 2(a), but considering�id,qsR = 0. Signal �d represents a pertur-
bation current in system (4)–(5) produced by �vα,βp [defined in

(3)]. Signal �d has its main spectral components at specific har-
monics of the fundamental grid frequency: ±6h and ±6h− 2
with h ∈ N, h ≥ 0. Sensitivity function S =�id,qs /�d quantifies
the controller’s steady-state rejection capability to perturbation
�d. For a given frequency, the smaller |S|, the greater the steady-
state rejection. Fig. 6(b) shows |S|, for three different values of
a1. Note in Fig. 6(b) that reducing the value of a1 improves the
steady-state rejection for harmonic orders below 23, which is the
range where most of the grid harmonic contamination is usually
located. However, also notice that for smaller values of a1, the
rejection of harmonic orders above 23 is worse.

Signal �n in Fig. 6(a) represents the measurement noise (a
high-frequency signal). The complementary sensitivity function
T = −�id,qs /�n quantifies the controller’s rejection capability to
measurement noise. For a given frequency, the smaller |T |, the
greater the rejection. Fig. 6(c) shows |T | for three different val-
ues of a1. Notice that for smaller values of a1, the rejection of
high-frequency measurement noise is worse. In a practical ap-
plication, low rejection of measurement noise results in control
action saturation.

As stated previously, from (22), it is clear that for smaller
values ofa1, the closed-loop response of the system to a variation
in perturbation�vα,βp is faster. From the present analysis, it is also
clear that reducing the value of a1 improves the perturbation

Fig. 7. Parameter mismatch. (a) Current references idsR and iqsR (dashed) and
currents ids and iqs (solid) for L = 1.5Lnom (in [A]). (b) Current references idsR
and iqsR (dashed) and currents ids and iqs (solid) for L = 0.75Lnom (in [A]).

Fig. 8. Plot of (30) for 0.6Lnom < Ld < 3Lnom and three values of Rd.

rejection for harmonic orders below 23. However, for smaller
values of a1, the rejection of higher frequency harmonics and
measurement noise is worse. Therefore, when choosing the value
of a1, a compromise must be made between these facts.

B. Mismatch of Parameters

In what follows, we will initially evaluate by simulation the
effect of a mismatch in the value of L on the temporary re-
sponse of the closed-loop system. To evaluate this effect, con-
troller gains k1 − k4 are designed using (18)–(21) considering
that L = Lnom = 4.5 mH. Then, Simulation 1 is repeated for
two cases in which the value of L of the plant does not match
withLnom. Fig. 7(a) shows a detail of current references idsR and
iqsR (dashed line), along with currents ids and iqs (solid lines) for
the case whereL = 1.5Lnom. Fig. 7(b) shows the same variables
for the case where L = 0.75Lnom. In both figures, it is observed
that the currents exhibit a settling time of approximately 18 sam-
ples, and that there is a slight coupling between the axes d and
q. As expected, a mismatch in the value of L degrades the tem-
porary response. However, the system remains stable in both
cases.

In what follows, the limits of variation of L within which the
system remains stable will be found, considering also variations
in resistance R. To do so, controller gains k1 − k4 are designed
using (18)–(21) considering that L = Lnom = 4.5 mH and R =
Rnom = 676.66 mΩ. In the event that the value ofL andR of the
plant do not match Lnom and Rnom, but have value L = Ld and
R = Rd, it is easy to show, after some algebraic manipulation,
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Fig. 9. Experimental results for the proposed controller to reference changes (timescale 5 ms/div). (a) Phase currents (scale 5 A/div). (b) Current references idsR
and iqsR (dashed) and currents ids and iqs (solid) (in [A]). (c) and (d) zooms of (a) and (b).

Fig. 10. Experimental results for controller (10) to reference changes (timescale 5 ms/div). (a) Phase currents (scale 5 A/div). (b) Current references idsR and
iqsR (dashed) and currents ids and iqs (solid) (in [A]). (c) and (d) zooms of (a) and (b).

that the closed-loop transfer function of the system of Fig. 2(a)
results

�id,qs (z)

�id,qsR(z)
=

k4k3b
d
g1b

d
g2(z − a1)

z3 − c1z2 + c2z − c3
(25)

where

c1 = k1 + adg + 1 (26)

c2 = k1a
d
g + k3k2b

d
g1b

d
g2 + k1 + adg + k4k3b

d
g1b

d
g2 (27)

c3 = k1a
d
g + k3k2b

d
g1b

d
g2 + a1k4k3b

d
g1b

d
g2 (28)
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Fig. 11. Experimental results (timescale 5 ms/div). Phase voltages (top, scale
100 V/div), current injected by the proposed controller (middle, scale 10 A/div),
and current injected by controller (10) (bottom, scale 10 A/div).

with adg , bdg1, and bdg2 computed through the right-hand

side of (6)–(8), respectively, using a = e−RdTs/L
d
, b = (1−

e−RdTs/L
d
)/Rd. For each value of Ld and Rd, the system will

be stable as long as the roots p1–p3 of the denominator polyno-
mial of (25)

{p1, p2, p3} = roots(z3 − c1z
2 + c2z − c3) (29)

are inside the unit circle. Defining

r = max(|p1|, |p2|, |p3|) (30)

then, the system will be stable as long as r < 1.
Fig. 8 shows r as a function of Ld/Lnom, for 0.6Lnom <

Ld < 3Lnom, and three values of Rd (0.1Rnom, Rnom, and
20Rnom). This figure shows that the closed-loop system remains
stable for 0.61Lnom < Ld < 2.87Lnom, independently of the
value of Rd.

VI. EXPERIMENTAL RESULTS

For the experimental results, the dc bus was supplied through
a SORENSEN SGI 600/25 dc voltage source set to 400 V. The
parameters of the output filter were the same as in the sim-
ulations: L = 4.5 mH and R = 676.66 mΩ. The grid voltage
was 110 Vrms (obtained from the public grid through an iso-
lation transformer) with fundamental angular frequency ωg =
2π50 rad/s. The inverter was implemented using IRG4PH50UD
IGBTs, with a turn ON dead time of 1 μs. The controller was
implemented in a floating point DSP (TMS320F28335), using a
sampling period Ts = 100μs. All the phase currents were cap-
tured using the oscilloscope in high-resolution mode (switching
ripple filtered depending on the timescale), and all d, q currents
were captured from the internal registers of the DSP (sampled
once every 100 μs). For the proposed controller, the gains were
computed through (18)–(21), using a1 = 0.75. Controller (10)
was implemented with γ = 0.3. As in the simulations, the feed-
forward voltage was proportional to the fundamental component
of the grid voltage, provided by the SRF-PLL, vα,βff = K�vα,βs0 ,
where K = 1 unless otherwise stated.

Fig. 12. Experimental results to a step change in K (timescale 5 ms/div).
(a) Phase currents for the proposed controller (scale 2 A/div). (b) Phase currents
for controller (10) (scale 2 A/div).

Fig. 9 experimentally verifies the simulation results shown in
Fig. 3(a) and (b) (proposed controller). Fig. 9(a) shows the phase
currents, and Fig. 9(c) shows a detail of these currents. Fig. 9(b)
shows current references idsR and iqsR (dashed line), along with
currents ids and iqs (solid line), and Fig. 9(d) shows a detail of
these currents. At the beginning of the experiment, the inverter is
injecting a peak current of 10 A per phase. As in the simulation
results shown in Fig. 3(a) and (b), first current reference idsR is
reduced from 10 to 5 A, and 10 ms later, current reference iqsR is
increased from 0 to 2.5 A. Fig. 9(b) and (d) verifies that currents
ids and iqs copy their references in two samples (200 μ s), and
that the change in each variable is decoupled from the other.

Fig. 10 shows the same variables as shown in Fig. 9, but for
controller (10). Varying the current references as in the previous
experiment, Fig. 10(b) and (d) verifies that currents ids and iqs
copy their references within six samples, practically without
overshoot, and in a perfectly decoupled way.

For the results shown in Fig. 11, both controllers were set to
inject an active current of 10 A peak, and their steady-state har-
monic contamination was measured. Fig. 11(top) shows the cap-
tured phase voltages. This grid’s main harmonics were the 5th,
7th, 11th, and the 13th in the following percentages, respectively:
2.4%, 0.6%, 0.3%, and 0.3%. Fig. 11(middle) shows the phase
currents injected by the proposed controller, which had an av-
erage THD = 2.26%. Fig. 11(bottom) shows the phase currents
injected by controller (10), which has an average THD= 4.76%.
It is verified that the proposed controller has better steady-state
disturbance rejection capabilities than controller (10).
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Fig. 12 shows the behavior of both controllers to a perturbation
variation �vα,βp . Here, current references idsR and iqsR are both set
to zero, and a step change in K of (24) is performed, jumping
from K = 1 to K = 0. Fig. 12(a) shows the phase currents for
the proposed controller, and Fig. 12(b) shows the phase currents
for controller (10). It is, therefore, experimentally verified that
the proposed controller is able to cancel the transient due to
perturbation �vα,βp noticeably faster.

VII. CONCLUSION

This paper presents a new PI current controller structure im-
plemented in a synchronous d, q reference frame for a grid-tied
VSI. The proposed controller is formulated in discrete time, has
dead beat response to reference changes, and offers full decou-
pling between axes d and q. The proposed controller is com-
pared with the one SRF-PI recently presented in the literature. It
is verified that beside having a dead beat response, the proposed
controller introduces a noticeable improvement in the transient
and steady-state responses to disturbances in the control loop.
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[22] K. Åström and R. Murray, Feedback Systems: An Introduction for Scien-
tists and Engineers. Princeton, NJ, USA: Princeton Univ. Press, 2008.

Claudio A. Busada was born on March 13, 1962,
in Bahia Blanca, Argentina. He received the Electri-
cal Engineer degree, in 1989 and the Ph.D. degree in
control systems, in 2004, both from the Universidad
Nacional del Sur, Bahía Blanca, Argentina.

From 1988 to 2004, he was with the Mechanic and
Electrical Department, Bahia Blanca. Since 1989, he
has been with the Departamento de Ingenieria Elec-
trica y de Computadoras, Universidad Nacional del
Sur, Bahía Blanca, Argentina, where he is a Profes-
sor. He is a Researcher with the Instituto de Investiga-

ciones en Ingenieria Electrica “Alfredo C. Desages,” Bahía Blanca, Argentina.
His research interests include power electronics, rotating machinery, active fil-
ters, automatic control, and integration of distributed energy systems.

Sebastian Gomez Jorge received the Electronics En-
gineer, M.S. degree in electrical engineering, and
Ph.D. degree in engineering from the Universidad
Nacional del Sur, Bahía Blanca, Argentina, in 2006,
2009, and 2011, respectively.

He is currently with CONICET, Instituto de In-
vestigaciones en Ingenieria Electrica “Alfredo C.
Desages,” and with the Departamento de Ingenieria
Electrica y de Computadoras of Universidad Nacional
del Sur, Bahia Blanca, Argentina, where he is a Grad-
uate Teaching Assistant.

Jorge A. Solsona (SM’04) received the Electronics
Engineer degree and the Ph.D. degree in engineering
from the Universidad de La Plata, La Plata, Argentina,
in 1986 and 1995, respectively.

He is currently with the Departamento de In-
genieria Electrica y de Computadoras, Instituto de
Investigaciones en Ingenieria Electrica “Alfredo C.
Desages” (IIIE), Universidad Nacional del Sur, Bahia
Blanca, Argentina, where he is a Professor, and also
with CONICET, Argentina. He is involved in teach-
ing and research on control theory and its applications

to electromechanical systems.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


