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A Synchronous Reference Frame PI Current
Controller With Dead Beat Response

Claudio A. Busada, Sebastian Gomez Jorge

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 axes d 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.

1. INTRODUCTION

OLTAGE 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 «, 3 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 ¢, and vice versa.
These controllers are naturally decoupled in the «, 5 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, g 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 SREF, it has the advantage of be-
ing able to decouple the changes of p from the changes of ¢ [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 ¢ [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-PIis presented. As in [18], the proposed SRF-PI
is formulated in discrete time and it ensures full decoupling be-
tween axes d and g. 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 ¢. 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 o} B — v + jvf
and 727 = v% + ju? represent the voltage imposed by the in-
verter and the grid, respectively, in the stationary «, [ refer-
ence frame. The behavior of the current flowing through the
R-L circuit is described by Ldi®* /dt 4+ i*PR = Uia’ﬁ — b
where i, = i% + ji? is the current in the inductor. As shown
in Fig. 1(a), reference v}, }f imposed to the pulsewidth mod-
ulator (PWM) is the sum of ﬁ;‘fﬂ with 7% where 17?]0/3 is a
feedforward voltage used to partially cancel the effect of 7%+#
on ;ﬁ‘vﬁ, and ﬁf'ﬂ represents the control action imposed by the
current controller. The presence of cancellation voltage 77;‘158 is
not mandatory in SRF-PI controllers.

The proposed controller will be implemented in discrete time
in a DSP, using a sampling period 7. Fig. 1(a) assumes that
there is a one sample delay (75) between the calculation of con-
trol action ﬁf‘éﬁ 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

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 3, MARCH 2020

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]

0Pk +1) = ai P (k) + b [057 (k) + 30 ()] (D)
o P (k +1) = 727 (k) 2)

where k is the sample number, a = e #Ts/L e R, b= (1-
a)/R € R, 798 (k) defined in (2) is a dummy variable (rep-
resents 7% delayed one sample), and

(k) = 05 (k= 1) = 727 (k) 3)

represents a disturbance voltage, with 9% (k) the average value
of 7P (t) over the interval kT, <t < (k + 1)kT, [12]. Be-
cause constants a and b of (1) are real numbers, the behavior
of axes o and f3 of (1) is independent of each other. It is thus
verified that in the «, 5 frame, both axes are decoupled from
each other.

Fig. 1(b) outlines a controller implemented in a synchronous
d,q frame, shifted an angle 6(k) from the «, S frame. Sig-
nal 79 is the d,q representation of signal i (k), and 7%}
is the reference for this current. Signal ¥%7 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 «, 8 representations of f
are related through: f49(k) = fo8(k)e=90®) | fda(f + 1) =
FoB (ke + 1)e IR +oTe]  where w, is the average d, ¢ frame
rotation frequency, between interval k£ and k£ + 1. Applying this
to (1)—(2), its d, g frame representation results

Tk + 1) = agi® (k) + byr [89(k) + T9(K)] @)

p
T3tk + 1) = byo 0 (k) 5)
where
ag = ae 7wsTs ¢ C 6)
bg1 = be 7T € C (7)
bge = e I¥9Ts € C. (8)

The fact that constants ay, by1, and by are complex numbers,
indicates that the axes of system (4)—(5) are coupled [14]. The
z transform of (4)—(5) results

borb b
92 _gda(y) 4 AL _gha(z).  (9)

“d,q _
) z2(z—ag) © z—ag

S

III. RECENTLY PROPOSED DECOUPLED CONTROLLER

Based on the continuous time model of the R—L plant, the
decoupling of axes d and ¢ is usually performed by adding the
feedforward term jw, Lfg’q 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:

#a(2)
=, =,
,Ls]g(z) — s Q(Z)

where v € R is a constant. Applying this controller to (9) the
following closed-loop system is obtained:

bg1(z — 1)z

_ a-1;-17 Gy
—'nglbg2 2_1

(10)

Zd,q _ Yy ~d,q —d,q
i(2) 22— 247y Lo (2) + (22 —z+7)(2 —aq) ().
N—_———
Gr(z) Gp(2)
(11)

Transfer function G (z) defined in (11) has real coefficients,
which indicates a perfect decoupling between axes d and ¢ when
there is no perturbation (17?”1 = 0). With v = 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 G p(s) defined in (11) has the same poles
as Gg(s), plus a pole located at z = a, = e~ (£ 137> 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 17g"1 .

IV. PROPOSED CONTROLLER

In what follows, the proposed dead beat controller is pre-
sented. First, the case 17qu = 01is 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 17;)1"1 =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 F'1, that has one zero at z = 0 and one pole. The internal
loop will be responsible for producing the decoupling between
axes d and ¢ 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
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is able to achieve the decoupling between the axes and of repo-
sitioning the poles, the closed-loop transfer function between
intermediate signal 17f "1 defined in Fig. 2(a) and current Z‘,Sl’q is
computed

Ko

“d.q ——
[ (Z) — k3b91b92 . (12)
f[]’f’q(z) 22 — (kl + CLg) z + kzkgbglbgg + klag

)\1 )LO

Note that properly choosing the values of gains ki—ks3, coeffi-
cients Ag, A1, and ko of (12) can be given arbitrary values. If
these coefficients are real, it is guaranteed that both axes are
decoupled [14]. For example, let a; € R, |a1] < landay € R
be two constants selected by the designer, and choose ki—k3 as
follows:

ki =ai+ax—ag (13)
kig = a1ay — kla_q (14)
ks =b,lbys. (15)

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

iba(z) 1 1

792y 2= (m +m)ztma  (z—a)(z—a)
(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 = a; and z = a» along the real axis in the z plane.
This verifies that the internal loop is capable of decoupling axes
d and ¢ and relocating the poles.

The external loop will now be analyzed, after choosing k1—ks
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 Pl is set at 2 = a1, so that it is canceled with one
of the poles of (16). For the cancelation to be stable, |a;| < 1
must be satisfied. Then, the closed-loop transfer function of the
system of Fig. 2(b) results

ia(z) _ 2 an
i(z) Pl 1)z+katay
: —— N——

C1 G2

Note from (17) that choosing constants as and k4 properly, it
is possible to arbitrarily assign coefficients (; and (o 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, as = —1 and
ky=1 (18)

must be chosen. This results in ¢; = (2 = 0. Doing this, the
constants defined in (13)—(15) of the internal loop result

kl = ay; — 1-— aeijw”TS (19)

ko = —kjae %sTs — gy (20)
J2wgTs

ks = — @1
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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
constanta; € R, |a1] < 1, and knowledge of parameters a and
b of the discrete representation of the plant in the stationary «, 3
frame [see (1)]. Once constant a; is chosen, constants ki—k, of
the controller must be computed according to (18)—(21).

Constant a; 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 %9/ ff}g.

Considering now the perturbation input 17;)["1 presented in (9),
it is easy to verify that the closed-loop behavior of the system is
described by

< 1 - by1(z—1)(z — k1)

d, d, gl 1) —d,

igl(2) = 22 iop(2) + 2(z —ay) vp(2). (22)
Gr(2) Gp(z)

Transfer function G5 (z) defined in (22) has the same poles as
G'x(2), plus one pole located at z = a;. 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 ay. If |a| is
small, the closed-loop response of the system to a variation in
perturbation Ug’q 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 w,, 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 (; and (5 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) ag = 2, — 1, with0 < 2, < 1 € i, and
k4 = —as. With this choice, (17) results

“d,q
Glale) = 2] =
i3(z) 22— 2p)
which places one pole at the origin and the other at z = z,,. 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(2) = GRr(z), with Gg(z) defined in (11). To do so, az = 0
and k4 = v must be chosen.

11—z

(23)

V. SIMULATION RESULTS

The proposed dead beat controller will now be simulated,
and compared with the controller proposed in [18, see (10)].
Gains k; — ky of the proposed controller were obtained from
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(18)—(21), after choosing a; = 0.75. Controller (10) was de-
signed with v = 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 = L™ =
4.5mH, R = R"™ = 676.66 mS2, Ty, = 100 us, the grid volt-
age is sinusoidal with 110 Vrms and angular fundamental fre-
quency wg = 250 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 U?fﬁ [see Fig. 1(a)] is
made proportional to the fundamental component of the grid
voltage (called hereafter Uj‘dﬁ ), provided by SRF-PLL. That is,
17?}5 =K 17?(? , where K is a constant. With this, the perturba-
tion voltage (3) applied to the control loop results

0 (k) = Kgg” (k — 1) — 507 (k). 24)

p

An easy way to subject the system to a controlled variation of
perturbation 17375 is to introduce a variation in K.

Simulation 1: The response of the proposed controller to a

.. . T'd7q _-d - .q . .
variation in current references 1,g = lsp T IR 18 first simu-

lated. For the whole simulation, &' = 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 %5, and i?}, (dashed
line), along with currents i‘; and ¢ (solid lines). The simulation
starts with the current references ifR =10 A and Z'ZR =0A,
injecting 2.33 kW of active power and no reactive power to the
grid. Att = t1, the current reference of the d-axis if  isreduced
from 10 to 5 A. Current 7¢ copies this reference in two samples,
reaching 5 A. As shown in Fig. 3(b), the current of the g-axis is
not affected by this reference change of the d-axis. 10 ms after
this event, at ¢t = t, the current reference of the ¢ axis, ig R 18
increased from O to 2.5 A. Fig. 3(b) shows that current ¢ 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 g-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 a; chosen by design. To justify this difference, the magnitudes
(in [dB]) of the frequency responses of G p(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 ig r and z’z g (dashed) and currents z’g

and 4? (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 " /# was simulated. For each controller,
the reference was set to zs r = i1p = 0 A during the whole sim-
ulation. Initially, for ¢ < t1, K = 1 was used in the feedforward
term. Then, at¢ > ¢;, K is setto 0. Fig. 5 (a) shows the behavior
of the currents using the proposed controller. It can be seen that
the disturbance at ¢t = t; 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 ﬁg*ﬁ 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'5(z) of (22), on the other hand, has
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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; (solid) and GG, (dashed).
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Fig.5. Simulation results to a step change in K . (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 = ay, in a well damped
position.

A. Sensitivity Analysis

In order to analyze with more depth, the effect of the value of
ay in the behavior of the closed-loop system, the sensitivity func-
tion S and the complementary sensitivity function 7'=1— §
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Fig. 6. (a) System block diagram used to obtain S and 7'. (b) Sensitivity

function. (c) Complementary sensitivity function. a; = 0.75 (solid), a1 = 0.5
(dash), and a1 = 0.25 (dash dot).

were computed [2q2]. Defining signals d and 7 in Fig. 6(a), it
results S =i%9/d and T = —i%9 /7. Fig. 6(a) is the same as
Fig. 2(a), but considering ?jlg = 0. Signal d represents a pertur-

bation current in system (4)—(5) produced by 17;“’5 [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 = i%4/d quantifies
the controller’s steady-state rejection capability to perturbation
d. Fora 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 a; 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 77 in Fig. 6(a) represents the measurement noise (a
high-frequency signal). The complementary sensitivity function
T = —?gl»q /7 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 a;. 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 of a1, the closed-loop response of the system to a variation
in perturbation 17;}’5 is faster. From the present analysis, it is also
clear that reducing the value of a; improves the perturbation
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Fig. 8.  Plot of (30) for 0.6 L"°™ < L% < 3L™™ apd three values of R%.

rejection for harmonic orders below 23. However, for smaller
values of aj, 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 k; — k4 are designed using (18)—(21) considering
that L = L"°™ = 4.5 mH. Then, Simulation 1 is repeated for
two cases in which the value of L of the plant does not match
with L°™, Fig. 7(a) shows a detail of current references i%5, and
ig  (dashed line), along with currents if and ¢ (solid lines) for
the case where L = 1.5L"°™ . Fig. 7(b) shows the same variables
for the case where L = 0.75L"°™. 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 = L"°™ = 4.5 mHand R =
R"™™ = 676.66 m{). In the event that the value of L and R of the
plant do not match L"°™ and R"°™, but have value L = L% and
R = R% itis easy to show, after some algebraic manipulation,
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that the closed-loop transfer function of the system of Fig. 2(a)  where

results 4
01:k1—|—ag—|—1 (26)

— g9l 92 (25)
3 _ 2 —
Lr(z)  #oaftazr-c c3 = kyad + kkob b2y + arkakzbd; b, (28)

i@9(z)  kaksb? bdy(z — ay) o = k1al + kskabl by + k1 + al + kaksbli bl (27)
d
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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 af, bd, and bl, computed through the right-hand
side of (6)—(8), respectively, using a = ¢ #'T=/L* p = (1 —
e BT/ ) R?. For each value of L% and R%, the system will
be stable as long as the roots p;—p3 of the denominator polyno-

mial of (25)

{p1, pa, p3} = roots(2> — c12% + caz — c3) (29)
are inside the unit circle. Defining
r = max(|p1], [pzl, [ps|) (30)

then, the system will be stable as long as r» < 1.

Fig. 8 shows 7 as a function of L?/L"™, for 0.6L"°™ <
L% < 3L™™ and three values of R? (0.1R™™, R"™ and
20R™°™). This figure shows that the closed-loop system remains
stable for 0.61L"°™ < L9 < 2.87L"°™, independently of the
value of R?.

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 mS2. The grid voltage
was 110 Vrms (obtained from the public grid through an iso-
lation transformer) with fundamental angular frequency w, =
2750 rad/s. The inverter was implemented using IRG4PH50UD
IGBTs, with a turn ON dead time of 1 us. The controller was
implemented in a floating point DSP (TMS320F28335), using a
sampling period Ts = 100 ps. 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 us). For the proposed controller, the gains were
computed through (18)—(21), using a; = 0.75. Controller (10)
was implemented with v = 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, v?}ﬂ = Ko%P,
where K = 1 unless otherwise stated.
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(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 if 1 and ¢! r (dashed line), along with
currents ig and ¢2 (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 igl R is
reduced from 10 to 5 A, and 10 ms later, current reference iz R1is
increased from 0 to 2.5 A. Fig. 9(b) and (d) verifies that currents
i% and ¢ copy their references in two samples (200 y 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 ig and ¢4
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 Sth,
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 7"?. Here, current references i¢y, and i? , are both set
to zero, and a step change in K of (24) is performed, jumping
from K = 1to 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 v /4 noticeably faster.

VII. CONCLUSION

This paper presents a new PI current controller structure im-
plemented in a synchronous d, g 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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