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Frequency-Adaptive Current Controller for
Three-Phase Grid-Connected Converters
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Abstract—This paper analyzes the behavior of a nonfrequency-
adaptive reduced-order-generalized-integrator-based current
controller when the grid frequency is subject to variations and
proposes a simple method for making it frequency adaptive. The
proposed frequency adaptation scheme allows to keep the good
performance of the current controller even in the presence of
frequency variations. The resulting frequency-adaptive controller
has very low computational burden, and it is therefore suitable
for low-cost digital-signal-processor implementation.

Index Terms—Current controller, frequency adaptive, reduced
order generalized integrator (ROGI), voltage source converter
(VSO).

I. INTRODUCTION

OWER GENERATION through the use of distributed

power generation system (DPGS) has grown in the last
few years [1]. Aside from being used to provide energy to
isolated grids, there is also an increasing trend toward the
usage of DPGS in supplying power to the mains grid [2], [3].
In these applications, both a robust current control algorithm
and a grid synchronization strategy are usually required. There
are numerous current control techniques, some of which are
reviewed in [4]. Among these, we can find deadbeat controllers
[51, [6], hysteresis controllers [7]-[9], and current controllers
based on resonant filters [10], [11]. Most of these schemes
must be used in conjunction with a synchronization algorithm
capable of recovering the phase of the fundamental component
of the grid voltage. Some, like the resonant controllers, might
also require knowledge of its frequency in order to adjust their
own resonance frequency in the presence of grid frequency
variations. This is done to avoid a performance decrease dur-
ing these variations. Among the typical synchronization algo-
rithms, there are those based on the use of phase-locked loops
[12], [13], second-order generalized integrators or adaptive
notch filters [14], [15], and sequence sensitive resonant filters
[16], [17]. The combination of both the current control strategy
and the synchronization algorithm can usually result in high
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implementation costs, either from the viewpoint of memory
requirements or computational burden.

In [18], a three-phase nonfrequency-adaptive current con-
troller based on reduced order generalized integrators (ROGIs)
was proposed. The ROGIs are sensitive to both frequency and
sequence, which allows, in low imbalance grids, to reduce
the computational burden of the controller. Another interesting
feature of this scheme is that it does not require knowledge
of the fundamental component of the grid voltage in order to
produce balanced high quality injected currents.

This paper will analyze the impact of the grid voltage
frequency variations on the performance of the ROGI-based
controller. It will be shown that a grid frequency offset around
its nominal value decreases the quality of the injected currents
because the controller can no longer exactly compensate the
distorting effects of the grid voltage harmonics. One way to
deal with this would be to implement one of the aforementioned
grid synchronization techniques to estimate the grid frequency
and use it to tune the resonance frequency of the ROGTISs.
This would undoubtedly increase the computational burden of
the implementation due to the addition of the synchronization
algorithm. This paper proposes another way: By taking ad-
vantage of the ROGI-based controller structure, a very simple
and low computational burden frequency estimation algorithm
can be performed. The main features of this proposal are as
follows.

1) It allows to keep the ROGIs of the current controller
tuned, even if there is a mismatch between the actual
grid frequency and its nominal value. This prevents the
currents from being distorted in the presence of frequency
variations.

2) The frequency estimator requires only one additional
state to be built and a small number of operations to
compute the frequency, which makes it ideal for a low-
cost digital signal processor (DSP) implementation.

The proposed estimation algorithm merges seamlessly with
the ROGI-based controller and, as will be shown, increases
its performance noticeably. This paper is organized as follows.
First, in Section II, a description of the controller/plant system
is given. Then, in Section III, the working principles behind the
ROGI-based current controller are discussed. Section IV shows
the effects of frequency variation on the controller’s perfor-
mance. Section V describes the proposed frequency estimation
algorithm and gives a method for choosing its design param-
eters. Sections VI and VII show simulation and experimental
results, respectively, which validate the proposal. Finally, in
Section VIII, conclusions are drawn.
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Fig. 1. DPGS description.

II. SYSTEM DESCRIPTION

Fig. 1 shows the physical description of a standard three-
phase DPGS. It consists of a three-phase voltage source con-
verter (VSC), whose output voltages are v;q, Vb, Vie, and
three L valued inductances, which are the coupling elements
between the converter and the grid. The primary source delivers
a dc voltage Vpe to the VSC bus. The three-phase grid is
represented by its respective phase voltages, Vs, Usp, and vge.
The control of the VSC is performed by a DSP, which is
represented by the block “Controller.” This DSP samples the
measurement of two phase currents, two line voltages, and the
bus voltage, and after processing these, it generates the gate
signals which trigger the switches of the VSC.

Due to the discrete nature of the controller, the whole system
is modeled in this paper in the discrete time domain, as shown
in Fig. 2. This figure has two blocks, “Plant” and “Current
controller.” The block “Plant” encompasses the discrete time
model of the coupling inductors, as well as a discrete time
model of the DSP processing delay. The coupling inductance
behavior is modeled through the zero order hold discretization
of their differential equations, which yields the discrete Euler
forward integrator shown in the figure [19]. In Fig. 2, the
variables are described in the stationary reference frame [20],
denoted by the superscript o3, using complex space vector
representation [21]. The perturbation effect of the grid voltage
on the plant is modeled through the grid average voltage 5’?5,
the grid current is referred to as i®8 the VSC output voltage
18 ﬁf‘ p , and the output of the current controller is the control
signal 7%, Since the control signal is reproduced by the VSC
after the DSP processing delay (signal 17;"5 ), for convenience,
this delay has been included as part of the plant model. It can
be a fraction 7 < T of the sampling time 7 and is modeled
here through the transfer function

D(z) =dy +dyz! (1)

where d; = 1 — 7/T and do = 7/T, and z is the Z-transform
variable [18]. The nonlinearities of the VSC (dead times and
voltage drops) are neglected; hence, the converter is considered
as a unitary gain. The control signal ﬁg‘ﬁ is generated by the
block “Current controller,” which is explained in detail in the
following section.
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Fig. 2. Plant and current controller discrete time model.

III. NONFREQUENCY-ADAPTIVE ROGI-BASED
CURRENT CONTROLLER

The objective of most DPGSs is to inject balanced sinusoidal
currents of fundamental frequency to the grid. These currents
must have a very low total harmonic distortion (THD). Since
the grid voltage represents a disturbance in the system, the
controller is required to have the ability to both track the
fundamental positive sequence component of the grid voltage
and also reject the harmonic components present in this voltage.
A ROGI-based controller can attain these goals with a very low
computational burden [18]. The low burden is a result of the
use of ROGIs, which allow to compensate specific frequency
and sequence harmonics, avoiding unnecessary computations.
Additionally, this controller avoids the need to obtain the fun-
damental positive sequence component of the grid voltage for
synchronization. In the following, the working principles of the
ROGI-based controller will be presented.

The ROGI-based controller is shown in the block “Current
controller” of Fig. 2. The building block of this controller is the
ROGI, whose transfer function is

1

Hh(z) = 2 — ehi@T,

@)

where h € Z, j = v/—1, and & is the fundamental resonance
angular frequency. The Bode plot of the fundamental ROGI H;
present in Fig. 2 is shown in Fig. 3, evaluating H;(¢/7+*?). In
this Bode, positive frequencies denote response to a positive
sequence input signal vector, whereas negative frequencies
denote response to a negative sequence one. As can be seen,
this ROGI provides infinite gain to a positive sequence fun-
damental frequency signal. Through proper selection of h in
(2), the ROGI can be tuned to provide infinite gain to specific
frequencies and sequences of interest.

In the controller shown in Fig. 2, ROGIs are placed in a
feedback loop between the current i and the control action
%P, These ROGIs are the fundamental ROGI H,(z) and the
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Fig. 3. ROGI H1 (e7T+%%) Bode plot.

harmonic compensation ROGIs found inside H(z), which is
defined as

H(z) = KpH(2) 3)
h
h#l

where K, € C is a design constant. The fundamental ROGI
is placed at the output of the error signal « = ngéF —i*F and
is used to force the current i®” to track the positive sequence
fundamental component of the reference current E%%F (since
H,(z) has infinite gain to that frequency and sequence). The
harmonic compensation block H (z) is used to force any har-
monic perturbation present in i to zero. Note that, for this to
actually happen, H (z) must have a ROGI for each harmonic

component present in 7, ? because this voltage represents a
perturbation to the plant. Hence, if, for example, the grid
voltage had the 7th and 13th positive sequence harmonics
and the 1st, 5th, and 11th negative sequence harmonics, then
H(z) = Hy(2) + Hi3(2) + H-1(2) + H_5 + H_11(2) would
be required to compensate them all.

Since, in most DPGSs, the objective is to inject balanced
currents in phase with the fundamental component of the grid
voltage, the reference current is chosen to be

TRpe = 9757 @)

where g € R, g > 0is a constant that determines the magnitude
of the injected current, and 7%? is the measured instantaneous
grid voltage. Note that this reference current will have the
same harmonic content as the grid voltage. However, if all
the grid harmonics are modeled in H(z), the reference current
harmonics will also be compensated.

Regarding the constant g, it will usually come from an ex-
ternal control loop. For example, in a photovoltaic application,
a maximum power point tracking algorithm can be used to
vary the dc bus voltage reference point, and using a simple
proportional-integral controller, a value of g that will make the
actual dc bus voltage move toward this reference value can be
obtained. These applications escape the scope of this paper, so
g will be considered a given constant reference value.

4171

The controller gains K3, K, and K, provide a full state
feedback (in fact, note in Fig. 2 that K, feeds back a signal
equal to the internal state of the block “DSP delay”). In this
paper, the gains are chosen via the linear quadratic regulator
(LQR) method, assuming & = w,, where w, is the nominal grid
frequency. The guidelines used here for choosing the weighting
factors of the LQR are described in Appendix I. The feedback
gains K, K, and K  obtained via the LQR method have no
impact on either the steady-state harmonic rejection capabilities
or the steady-state fundamental component tracking capabilities
of the ROGI-based current controller. However, these gains
change the pole locations of the closed-loop transfer functions
and therefore determine the transient response of the closed-
loop system [18].

Under nominal frequency conditions, the ROGI-based cur-
rent controller works well. However, its main drawback is
that, without a frequency estimation algorithm that updates the
fundamental resonance frequency in (2) to the grid frequency,
the THD of the injected currents degrades in the presence of
frequency variations, and for imbalanced systems, the injected
current is no longer balanced. This is shown in the following
section.

IV. EFFECTS OF FREQUENCY VARIATIONS ON THE
CONTROLLER’S PERFORMANCE

We will now analyze the effects of frequency variations
on the injected currents when using a ROGI-based controller
without frequency adaptation. These effects are as follows:

1) an increase in the current THD;

2) current imbalance;

3) phase error between the injected current and the fun-
damental positive sequence component of the grid
voltage.

To quantify these, we will analyze the steady-state behavior
of the system by means of its frequency response. The open-
loop state variable description of the system shown in Fig. 2
results

#(k+1) = AZ(k) + Bi*? (k) + B,o- (k) (5)

where
, T,
1 2L g 0 Bl -7
0 0 0 0 1 0
10 e 0 | 0 | -9
Do : 0 : :
1 0 0 0 eINeTs 0 0
N—— N—_——
A B B,
(6)

with @ = w, (for the case without frequency adaptation) and
the state vector = [i*7 ﬂgﬁ 7 7y ... 7n]T, where N € Z
is the harmonic order of the last ROGI. The third row of
B, comes from approximating (4) by {%’%F(k) ~ gU, B(k),
which introduces a negligible error in the Bode analysis. The
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Fig. 4. Frequency variation effects. (a) THD% for (solid) case 1 and (dashed)
case 2. (b) Injected current negative sequence % for a pure sinusoidal grid
voltage contaminated with a 20% negative sequence component.

frequency response of the closed-loop system can be found by
computing

“af .
coy= E oo - ane, @)
—af
Uy (2) |eimen
where Ay =A—-B,J[Ki K. K_; Ky], C=

[100 ... 0], and [ is an identity matrix with A.; dimensions.
The current THD can be found from (7) by means of

Ve G () P V72
G

THD% = 100 )

where V), is the magnitude of the hth harmonic and w is the
steady-state frequency of the fundamental positive sequence
component of the grid voltage.

To show the impact on the current THD, two cases will
be analyzed, one assuming a grid voltage in normal operat-
ing conditions and another assuming a highly distorted grid
voltage. Table I (see Appendix II) shows the magnitude of the
harmonic components of the test voltages as a percentage of the
100-Vrms fundamental component for case 1, a highly distorted
grid voltage with THD = 51.5%, and case 2, a grid volt-
age in normal operating conditions with THD = 5%. In both
cases, the controller setup was the one shown in Table II (see
Appendix II). Fig. 4(a) shows the plots of (8) for cases 1 and
2 when the fundamental frequency w is allowed a variation of
|w — w,| < 0.02w, around the nominal frequency. As the figure
shows, the performance drop is quite significant. Although, for
case 2, the THD does not increase as much as for case 1, a 1%
frequency variation degrades the THD to almost 2%.

Regarding current imbalance, the frequency mistuning re-
duces the controller’s imbalance rejection capabilities provided
by the ROGI H_;(z). This results in an unbalanced current
generation, as shown in Fig. 4(b). This figure shows the per-

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 60, NO. 10, OCTOBER 2013

centage of current imbalance as the fundamental frequency
varies for a pure sinusoidal grid voltage contaminated with
a 20% negative sequence component and is obtained eval-
uating 100%|G(—w)|V_1/V; for |w — w,| < 0.02w,. As can
be seen, a 1% frequency variation results in a 1.2% current
imbalance.

Regarding the phase error, the frequency variation produces
phase errors between the current 5 and the fundamental com-
ponent of the grid voltage. These errors can be obtained evaluat-
ing G(w) for |w — w,| < 0.02w,, although they are usually not
significant (4.5° error for a 1% frequency deviation). Although
these phase errors can be neglected in most applications, the
THD degradation and reduced imbalance rejection capabilities
are significant.

In the following section, a frequency estimation algorithm
will be developed. This algorithm will allow the controller
to avoid the performance drop in the presence of frequency
variations.

V. FREQUENCY ESTIMATION

As shown in the previous section, the grid frequency is sub-
ject to fluctuations that, although small, affect the performance
of the controller. In this section, a fundamental frequency
estimation algorithm will be proposed. This estimator only
requires one additional state to be performed. The estimated
grid frequency @ will be used to update online the resonance
frequency of the ROGIs that compose the controller [update
of matrix A in (6)]. Since it is not possible to recalculate the
controller gains Kj,, K, and Ky online for each value of
w, which would require a large computation effort in a low-
cost DSP implementation, we will use as fixed gains those
obtained for & = w,, even when w is updated with a frequency
estimator. It is therefore necessary to analyze the stability of
the closed-loop system when the estimated frequency @ # w,
varies within the expected grid frequency variation range in
normal operating conditions.

A. Closed-Loop Stability for & # w,

It is to be expected that the closed-loop system’s dynamics
will not change significantly when @ varies in (6) within the
normal grid frequency variation range since this frequency is
only allowed small deviations from its nominal value. However,
this must always be checked, since the LQR method, although
in general produces robust controllers, does not guarantee sta-
bility for arbitrary variations of w. Assuming a £2% frequency
variation, the closed-loop stability can be easily checked by
computing the modulus of the eigenvalues of matrix A, de-
fined in (7), and then verifying that the maximum modulus is
always smaller than unity as @ varies. For the system described
in Table II, such a plot is shown in Fig. 5. The fact that the
maximum modulus eigenvalue of A is less than unity for the
expected frequency variation range ensures that the closed-loop
system will remain stable as w is updated.

Having checked the system stability, we will now proceed to
develop a frequency estimation algorithm.
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Fig. 6. Frequency estimation. (a) Fundamental ROGI block diagram.
(b) Frequency estimator.

B. Frequency Estimation Algorithm

The idea of the proposed frequency estimator is to take
advantage of the controller structure to recover the fundamental
frequency with a small number of operations. Let us look
again at the Bode plot of the fundamental ROGI shown in
Fig. 3, considering # as its input and 7 as its output, as shown
in Fig. 6(a). If @ is a positive sequence sinusoidal signal of
frequency w and the ROGI is tuned at a frequency w > w,
then the steady-state magnitude and phase of the ROGI output
will be somewhere to the left of €2/& =1 in Fig. 3. Note
that, for any w > w, the output leads the input by almost 90°.
Similarly, if & < w, then the steady-state magnitude and phase
of the ROGI output will be somewhere to the right of /@ = 1.
Hence, r will lag « by almost 90°. Therefore, the sign of the
phase difference between 7} and @ can be used to determine
whether the estimated frequency @ should be increased or
decreased. The sign of the phase difference can be obtained by
computing the cross product between @ and 7 since 71 (k) ®
(k) = |r1(k)||d(k)| sin ¢, where ¢ = Zu — £ [16]. Addi-
tionally, if the ROGI is tuned exactly at the input frequency
(W = w, for a nominal frequency input signal), it will present
an infinite gain to that frequency. In this situation, the closed-
loop system will force u to zero (assuming that the grid is a
pure sinusoidal positive sequence signal). As a result, the cross
product will yield zero, which shows that an equilibrium is
reached once the estimated frequency converges to the actual
frequency. If the grid had harmonics, this reasoning would still
hold, but instead of reaching an equilibrium point, the cross
product would have a ripple whose magnitude would depend
on the aforementioned harmonic content.

Since the cross product only indicates the direction in which
w should be moved (increased, decreased, or left unchanged),
then the estimated frequency update algorithm is implemented
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as the actual estimated frequency plus a scaled version of this
cross product, resulting in

(k) ® u(k)

w(k +1) =sat [ vT5
(E+1) <’Y 7 (k)P

+ w(k)> 9)

where v € R, 7 > 0 is a design constant that determines the
convergence speed of the estimator, and sat() is a saturation,
which clamps the estimated frequency between the minimum
and maximum expected frequencies for a grid operating in
normal conditions (in this case, +2%w,). The normalization in
(9) is performed so that w converges in mean value to the actual
grid frequency, which will be shown in the following section.
This estimator is illustrated in the block diagram representation
shown in Fig. 6(b). The implementation of (9) requires only two
add, three product, and one division operations.

C. Steady-State Analysis and Parameter Tuning

We will now show, assuming a pure sinusoidal grid, that, in
steady state, the proposed estimator converges to the fundamen-
tal frequency w. From Fig. 6(a), 7} can be written as

Pk +1) = d(k) + 77 (k). (10)
Performing the cross product with 7 (k) on both sides of this

equation and then operating, it can be found that the cross
product in (9) results

f'l(k) R T (k‘ + 1) — Fl(k) ® eja}Tsfl(k)
= = 5 . (11
71 (k)|

If the sampling period 7T, is small enough with respect to
the convergence speed of 7 so that |7 (k + 1)| ~ |7 (k)| and
wy(k + 1) ~ w,(k), where w, is the instantaneous frequency of
71, then (11) becomes

11U
|71 ]2

™ U
|71 [?

~ gin(w, Ts) — sin(0Ts) ~ Ty (w, — @) (12)

where the last approximation is valid if 7 is small enough

so that sin(w, Ts) ~ w, T and sin(&Ts) ~ @wT. Assuming that

(12) holds, the estimated frequency (9) results
VT2

w:z—l—&—'yTS?wr

(13)
which shows that @ and w, are related through a first-order
low-pass filter with a pole in z = 1 — yT2. Therefore, it is
concluded that, in steady state, «w converges to w,. Since the
controller is closed loop stable, as shown in Section V-A, and it
is a linear system, in steady state, w, must necessarily converge
to the fundamental grid frequency w. Then, (13) implies that
w converges to w. This provided that the convergence speed of
(9) is slow enough so that & can be considered slow varying
with respect to w,., ensuring the convergence of (13) and the
closed-loop stability of the frequency estimator. Also, if the grid
had harmonic content, it is to be expected that the ripple in the
frequency estimation produced by these harmonics is reduced
since (13) represents a low-pass filter.
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Fig. 7. Frequency estimator dynamic response. (Solid) Actual estimated
frequency and (dashed) approximation through (14).

Neglecting the dynamic between w, and w by replacing w,
with w in (13), we obtain

S E—) (14)

This equation can be used to choose v to achieve the desired
setting time to 2% of the final value of w without significant
error. For the first-order discrete transfer function shown in
(14), this setting time is given by

4T
Lset = (15)
where 0 = — In(1 — 4T?) [19]. Therefore
1 4Ty
— € lset
V= (16)

S

Choosing tset = 80 ms gives a good tradeoff between con-
vergence speed and harmonic filtering capabilities and results
in v ~ 5 x 10° for T, = 100 us. Using this ~, Fig. 7 shows a
comparison between the actual estimated frequency (9) (solid)
and (14) (dashed) when a step variation of 1% is produced in
the grid frequency, both normalized with respect to w,. In this
simulation, the grid voltage is a pure sinusoid of amplitude
100 Vrms and nominal frequency w, = 2750 rad/s, and the
controller structure is described in Table II. As the figure
shows, the setting time of (14) gives a reasonable criterion for
choosing 7.

D. Implementation Issues

The addition of the frequency adaptation scheme to the
current controller requires the online computation of the expo-
nential functions of (2). This implies the online computation
of trigonometric functions, which is usually performed through
tables, increasing the memory requirements of the algorithm.
To avoid the need of tables, we can take advantage of the fact
that the estimated frequency (9) is actually allowed very small
variations around w, (limited by the saturation). Therefore, the
exponential functions can be very accurately approximated by
their first-order Taylor series expansion around w, [16]. Hence

ehiTs® ~ M Tewo (1 4 BT (& — w,)) . a7
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Note that this equation only requires product and add operations
to be computed online and that e"/75“ is a constant that can
be computed offline. This allows the algorithm implementa-
tion in low-cost DSPs without significant additional memory
requirements. The computation of these linearized exponentials
requires a total of 1+ 2¢ add and 2¢ product operations to
be implemented, where £ is the total number of ROGIs in the
implementation.

VI. SIMULATION RESULTS

In this section, simulation results of the frequency-adaptive
ROGI-based current controller are presented.

To test the capabilities of the frequency adaptation scheme,
we will use the test voltage described in case 1 of Table I, plus
an additional negative sequence fundamental component —1
(28.6%). The nominal frequency was set to w, = 2750 rad/s,
and the nominal fundamental component voltage was set
to 100 Vrms. The controller structure was as described in
Table II, and the frequency adaptation algorithm gain was v =
5 x 10° to achieve a setting time ¢4y = 80 ms, as described in
Section V-C.

Fig. 8(a) shows the grid voltage. The signals shown are, from
top to bottom, vsg, Vsp, and vg.. Fig. 8(b) shows the actual
injected currents which are, from top to bottom, i, %5, and
isc- As can be seen, these signals are almost pure sinusoids
in steady state. At t = 0.4 s, a step variation of —1%w, is
produced in the grid voltage frequency. As shown in Fig. 8(c),
the estimated frequency (solid line) tracks this variation after
a transient of 80 ms, as expected. This figure also shows the
response of (14) to the same step frequency variation. As
can be seen, the approximation is also valid when the grid is
highly distorted. As a result of the estimated frequency ripple,
the steady-state currents are slightly distorted, resulting in a
THD = 0.95% for the most distorted phase. This THD can
be further minimized by reducing ~, at the cost of a slower
frequency estimation convergence speed. It is also worth noting
that, during the frequency estimation transient, the currents
become noticeably distorted, as shown in Fig. 8(b). This shows
the importance of the frequency adaptation algorithm, without
which the performance of the system would degrade in the
presence of frequency variations.

VII. EXPERIMENTAL RESULTS

In this section, the experimental results of the frequency-
adaptive current controller are shown.

The controller was implemented in a fixed-point DSP
TMS320F2812 with a clock frequency of 150 MHz using a
sampling time 75 = 100 us, and the pulse width modulation
(PWM) update period of the VSC gate signals was set to T /2,
which implies a delay 7 = T /2 in (1). The controller structure
is described in Table II, and the frequency estimator gain was
chosenas vy = 5 x 10° to obtain t,; = S0 ms as in the previous
section. The bus voltage was set to 550 V through a dc power
source, and the applied phase voltage was 100 Vrms (supplied
by a three-phase 380/100-Vrms Dyl1 transformer connected
to the 220-Vrms grid). The coupling inductance, which takes
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Fig. 8. Simulation results in the presence of a distorted voltage and a step
frequency variation of 1%w,. (a) Distorted grid voltage (175 V/div and
THD = 65.34%). (b) Actual current (5 A/div and THD = 0.78%). (c) (Solid)
Normalized estimated frequency &/w, and (dashed) approximated dynamic
response (14).

into account the leakage inductance of the transformer, was
L = 5.5 mH.

Fig. 9(a) shows the applied three-phase voltage, which is
100 Vrms per phase, with a 50-Hz fundamental frequency and
a THD = 4%. In Fig. 9(b), the injected phase currents are
shown for the controller with the frequency adaptation enabled.
These currents are 7.5 Arms and have a THD = 1.8%. Fig. 9(c)
shows the phase currents again, but this time, the frequency
adaptation is disabled and the estimated frequency is fixed
at @ = 1.01w,, with w, = 2750 rad/s. As can be seen, these
currents are noticeable distorted, even though the frequency
was mistuned by approximately 1%w,. In this case, the injected
current THD was 3.17%, that is 57% higher than with the
frequency adaptation enabled. This shows the importance of
incorporating a frequency adaptation algorithm to the ROGI-
based controller.

Since the grid frequency cannot be changed to observe the
frequency estimator dynamic behavior, once @ had converged
to its steady-state value, at an arbitrary sample instant, the
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Fig. 9. Experimental results (horizontal: 5 ms/div). (a) Grid phase voltage
(50 V/div and THD = 4%). (b) Phase currents (10 A/div and THD =
1.8%) with frequency adaptation enabled. (c) Phase currents (10 A/div and
THD = 3.17%) with estimated frequency fixed at 1.0lw,. (d) Estimated
frequency (horizontal: 20 ms/div; vertical: 0.1 Hz/div). (e) Estimated frequency,
imbalance case (horizontal: 20 ms/div; vertical: 0.177 Hz/div). (a) Grid
voltage. (b) Injected currents. (c) Injected currents (w = 1.01lw,). (d) @.
(e) w (imbalance).
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estimated frequency was forced to be w = 1.01w,. This allows
us to see the dynamic of the estimator as it converges again
to the grid frequency. Fig. 9(d) shows the estimated frequency.
This was measured through a PWM output of the DSP which
was filtered through an RC filter with a cutoft frequency of
2340 Hz. As can be seen, the estimator converges around
80 ms, as predicted by the simulations.

Under severe voltage unbalanced conditions (SVUCs), the
frequency estimator still converges. To show this, Fig. 9(e)
shows the estimated frequency of the described controller per-
forming the same test as in Fig. 9(d), but with one of the
grid side voltages of the Dyl1 transformer forced to neutral
to produce imbalance. The figure shows that the estimated
frequency behaves as expected for such SVUC, agreeing with
the simulation results shown in Fig. 8(c) (where there was also
imbalance). The injected currents and phase voltages behave
as expected under SVUC [18] and are not included for space
reasons.

The nonfrequency-adaptive ROGI-based current controller
takes 7.99 us to be computed. The inclusion of any frequency
estimation algorithm requires an additional 2.05 us to compute
the linearized exponentials online through (17). The computa-
tion of the proposed frequency estimator (9) adds only 0.97 us.
This adds up to a total of 11.01 us, keeping the controller as a
very low computational burden proposal.

VIII. CONCLUSION

This paper has shown that a nonfrequency-adaptive ROGI-
based current controller suffers a performance loss in the
presence of grid frequency variations. To counter this effect,
a simple frequency estimation law, which takes advantage of
the controller’s structure, is proposed. This law is given in a
theoretical frame, and a method which allows its easy tuning is
also presented. The resulting frequency-adaptive ROGI-based
current controller allows to compensate grid voltage harmonics
without performance lost in the presence of frequency vari-
ations and with very low computational burden. Both simu-
lations and experimental results validate the proposal, being
the last proof of the controller’s implementation into a low-
cost DSP.

APPENDIX |

In LQR theory, the feedback gains are chosen to minimize
the cost function

’ 2

J = ZOO: M (k)Qx (k) + R |a2” (k)
k=0

where (.) denotes the transpose conjugate, @ €
CE+N)*(2+N) is a Hermitian matrix, and R € R are weighting
factors. The solution is obtained by solving Riccati’s algebraic
equation [19]. In this paper, a diagonal weighting matrix @) is
chosen, a simple choice commonly used in practice. With this
choice, the diagonal elements of () and R dictate how much
each individual state and the input 7%? contribute to the overall
cost J. A method for choosing these weights is suggested
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in [22]. In this paper, the weights on ) and R (shown in
Appendix IT) were chosen giving priority to the following:

1) minimizing the energg in the injected current tracking

error signal (1% — iopp);

2) avoiding excessive control efforts (which would saturate

the PWM).

The energy of the tracking errors of the internal states of
the controller were not prioritized. The first item was achieved
by giving the first two states of the state vector Z(k) a higher
relative weight than the rest of the states. The second item
was achieved by choosing R to limit the maximum control
effort required in order to avoid actuator saturation under
normal operating conditions (grid at nominal voltages, with low
imbalance and THD < 5%, with a dc bus voltage of 550 V).
The actual values of () and R were finally adjusted by trial and
error.

APPENDIX II

The controller gains (K}, K, and K, in Fig. 2) are found
using the LQR method with the parameters R and () shown in
Table II, where diag() represents a matrix whose main diagonal
elements are those of the vector between square brackets.

TABLE 1
TEST VOLTAGES (% OF FUNDAMENTAL COMPONENT)

case 1 (THD=59.37%) case 2 (THD=5%)

V_s 34.1% 3.5%
V7 27.3% 3.5%
V_ 11 20.4% 1%
Vis 20.4% 0%
V_i7 10% 0%
Vig 5% 0%
V_a3 1% 0%
Vas 1% 0%
TABLE 11
SIMULATION/EXPERIMENTAL SYSTEM SETUP
Symbol Value Reference
h 1,-1,-5,7,-11, 13, -17, 19, -23, 25 ROGIs
T 100 ps Sample time
T T5/2 DSP delay
L 5.5 mH Coupling ind.
g 0.07 A/V Current gain
Q diag([100 100 1 111111111]) LOQR Q matrix
R 10 LQR R scalar
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