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A Synchronous Reference Frame Robust
Predictive Current Control for Three-Phase
Grid-Connected Inverters
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Jonatan Roberto Fischer, and Rafael Garcia-Gil

Abstract—This paper presents a new predictive current control
for three-phase grid-connected inverters in the synchronous refer-
ence frame. The control combines a deadbeat control law with a
diagonal Luenberger observer to estimate the future value of the
grid currents. It provides a decoupled control of the active and
reactive power and offers robustness against the computational
delay inherent in the digital implementation and against filter
and grid-impedance uncertainties. This control exhibits a very
fast current response while widely improving the gain and phase
margins of the traditional predictive controllers.

Index Terms—Current-controlled voltage-source inverter

(CC-VSI), robust predictive current control (RPCC).

I. INTRODUCTION

OST distributed-energy systems [1]-[3] are interfaced
to the utility grid through a current-controlled voltage-
source inverter (CC-VSI) (Fig. 1) [4]-[8].

The CC-VSI control circuit has two missions [9], [10]:
regulate the dc-bus voltage and transfer the generated power
to the grid as an ac current with low harmonic distortion
and controlled displacement factor [9]. The CC-VSI con-
trol is usually a double-loop structure: an outer voltage loop
to regulate the dc-bus voltage and an inner current loop
which performs the current tracking according to the reference
signals (Fig. 1).

With regard to the current loop, fast current controls have
the benefits of a reduced dc-bus capacitance and the chance
of a higher voltage-loop bandwidth. Among all fast current
controllers, it is known that deadbeat or predictive controllers
[10]-[17] offer the fastest response. Moreover, they include a
feedforward compensation for the grid voltage, which immedi-
ately compensates for grid-voltage harmonics or fast variations,
such as dip voltages.
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Fig. 1.
control.

CC-VSI with isolated neutral point and the proposed SRF-RPCC

However, due to their high bandwidth, the stability of dead-
beat controllers is often compromised by the calculation delay
inherent in the digital implementation or variations on the
filtering inductance [18].

Recently, published predictive controllers [10]-[12] have
tolerated a maximum inductance reduction of 50% of their
nominal value and a maximum control delay of less than two
sampling periods. These limits were overcome in [19] in the
stationary or abc reference frame.

This paper presents a new robust predictive current controller
(RPCC) in the rotating or synchronous reference frame (SRF)
(SRF-RPCC) that offers robustness against these two factors,
enhancing the stability margins of the traditional predictive
controllers while maintaining the fast response typical of a
deadbeat controller. The presented stability analysis and the ex-
perimental results show that the RPCC tolerates delays beyond
two sampling periods and considerably improves the previous
tolerance against inductance variations.
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II. MODELING OF THE POWER STAGE
A. Basic Model

In the stationary reference frame or abc-frame, the dynamics
of the three filtered currents i,, 3, i, are given by

d abc —TL  .abe 1 b

—iWC = —= {0 — .y 1

dt L L M
where i%¢ = [ia, b, iC]T, rr, is the equivalent series resistance
of the filtering inductors, and v = [v,, vy, v.|? is the vector

of averaged voltages applied to the inductors, i.e.,

v =V

abe quc _ V;bc (2)

v being the vector of averaged inverter voltages and v;bc the
vector of grid voltages.

In the rotating SRF, the current and voltage vectors are trans-
formed as i = [ig,44)7 = Tape2dq - 1% and v = [vg,v,]7 =
Tove2dq - v where Tve2dq 1s the Park’s transform matrix,
and, thus, (1) becomes

d
Zi=A-it+B.ov 3)

where v =v; — vy, v; = [Uid,’l)iq]T, vy = [vgd,vgq]T

e
A:( L wl) B- 1.1

—wy _EL L

wy is the line frequency, and I is the 2 x 2 identity matrix.
It is assumed that (3) is invariant, and, therefore, the transi-
tion matrix is

cos wt
—sinw;t

B(t) = A =T ( Sin“’”) L@

coswyt

The plant (3) is seen by the control as discretized with
sampling period 7', with a discrete state equation

i(k+1)=A4-i(k) +Bg-v(k) (5)
where

A;=o(T) Bg=A'A;-1)B. (6)

B. Modeling With Control Delay

An ideal controller would sample, calculate, and transfer its
output, all at the same instant k7. Of course, in practice, this
is not possible because control calculations consume a certain
time. Let us suppose the acquisitions are finished a time t4
before the pulsewidth modulation (PWM) update instant k7, as
shown in Fig. 2. Sampling can be performed either before the
calculation interval [12], [15], [20] (point A in Fig. 2, where
tq > T), or during the calculation interval [11] (point B in
Fig. 2, where t; < T). The last case is the most similar to the
ideal control, but it leaves a small spare time for calculations.
Both cases are regarded by defining a time delay ¢4 = Ty +
m - T, with Ty < T and m = {0, 1}. Obviously, each analog
acquisition channel would be affected by a slightly different
time 4.

calculation interval
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Fig. 2. Sampling options: (point A) before the calculation interval or

(point B) during the calculation interval.

Sampling a signal a time ¢4 before the instant k7" is equiva-
lent to sampling at instant k7" when the signal is delayed a time
tq. Therefore, the control performs equivalently as acquiring,
at instants k7", the delayed currents i'(t) = i(t — ¢4) and grid
voltages vi (t) = v, (t — ta).

Introducing a time delay ¢4 in the general solution of the
continuous state equation (3) results in

t—tq

V(t)=i(t—tg)= eAltat) o)+ [ eAUta=TBy(r)dr

to

(N
and letting tg = kT — tg and t = (k + 1)7, it follows that
(k+1)T—tg
V(k+1)=Aq-i'(k)+ AR+ T—ta=7)
kT —tg
x B (vi(1) —vg4(1))dr. (8)
In the SRF, v, is slowly time varying, being almost constant
during a sampling period. Hence,
(k+1)T—t4
AMEEDTH By (7)dr ~ By - vy (k). (9)
ET—tq
As v; is constant between two sampling instants, it fol-
lows that
(k+1)T—tg

AT -ta=T) By, (r)dr

kT —tq
= Bd1 'Vi(ki —1- m) + Bd0 -Vi(k — m) (10)
where
By, =A "' (®(T-T;)-1)-B

By, =A ' (A;—®(T-T,) -B=By— By, (11)

Substituting (9) and (10) into (8), the discrete model of the
power stage results, instead of (5)

V(k+1)=Aq-1(k) —By-v, (k) + By,

vi(k—=1—m)+Bg, -vi(k—m). (12)
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III. SRF-RPCC

The sampling instant of a digital control is traditionally set
before the calculation interval (point A in Fig. 2) in order to
arrange the whole next sampling period to solve the control
calculations. In particular, the analog to digital conversions
are frequently processed in parallel with the calculations of
the previous interval, setting the instant for the three current
acquisitions just before the ending of the previous interval at
(k— 1)T. In this way, there is m = 1, T, < T. This has the
additional advantage that, if using a centered PWM modula-
tion, the current sensed is approximately the averaged current
(see Fig. 2) without the need of using filters.

Taking m = 1, Ty ~ 0 in (12), we obtain

V(k+1)=Aq-V(k)+Bqa- [vi(k—1) —vi(k)]. (13)

Applying an advance of a sampling period to the previous
equation and letting i’ (k + 2) = i,..s(k), we get the two-sample
deadbeat control law

vi(k) =B, [ires(k) — Apy -V (k+ D]+ vy (k+1) (14)

also known as “predictive” because it needs a prediction for the
future values i'(k + 1) and v (k + 1). In the previous equation,
B,, =By(Ln), A, = Ay(L,,) are the programmed control
matrices, L., being the measured value of the filtering induc-
tance. Notice that while L,,, is constant, the actual inductance
L can vary with time, for instance when operating close to
saturation [18].

The proposed SRF-RPCC utilizes a Luenberger observer to
predict i’ (k + 1), with

V(k+1)= (A, —Lg) - ¥(k) + Ly - (k)

+ B [vi(k — 1) — vy (k)] (15)
where P(k) is the estimation of i'(k) and L, is the observer
matrix gain. Notice that the conventional predictive control is a
particular case for Ly — A,,. Of course, L; must be designed
so that all eigenvalues of A,, — L, lie inside the unit circle.

To predict v (k + 1), it is assumed that three consecutive
acquisitions of v{ (k) are equally spaced, which gives

Vi(k+ 1)~ 2V (k) — v (k—1). (16)

IV. DYNAMIC ANALYSIS OF THE SRF-RPCC
A. Deadbeat Performance

The block diagram of the SRF-RPCC and its simplification
are shown in Fig. 3. The control can be reduced to a unity-
feedback structure with the controller

Go(2)=B,! A, - (2I+Ly) ' Lyz (17)
and the prefilter
Gp(z) =L;' - [I— (A, —Lg)z"']- AL (18)

Notice that (16) is a feedforward input to the control. The
inverter’s modulation v;(k) contains a “copy” of the grid
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Fig. 3. Block diagram of the proposed SRF-RPCC and its simplification,
when the control delay is tg ~ T

voltage, to be cancelled at both ends of the filtering inductors.
This makes the inverter currents unaffected by grid-voltage
variations or distortions.

From Fig. 3, the transfer matrix of the loop for t4 ~ T is

H(z) = (21— Ag) 'ByB,)A, (21 +Ly) 'Ly, (19)

When the actual inductance L is similar to the programmed
inductance L,,, it follows that A; ~ A,,, By ~ B,,,, and,
therefore, the closed-loop transfer matrix is

F(z)=HI+H)'G,=[G,'A+H Y]

= (G,122G,) =221 (20)

indicating that the control is a two-sample deadbeat (stabilizes
in only two sampling periods) for any observer gain L, such
that G; 1 (or the observer) is stable. Obviously, the deadbeat
performance degrades when L,,, # L orty # T.

B. Equivalent SISO Control
In most cases, the sampling period is small enough to satisfy
sinwT ~ w;T e T~ 1 — T—LT

coswT ~ 1 201

and then the transition matrix for ¢ < 7" can be expressed as

1— Lt wit
~ L .
Therefore,
1— T w T
~ L
Ay~ < T 1TLLT> (23)
T T
B,~B - T=—"1 B, ~— -1 24
d 17 I (24)
and (11) reduces to
Ty
Bd1 Q"JBTd:fI
T-T,
By, #B (T ~Ty) = — S (25)

Authorized licensed use limited to: MINCYT. Downloaded on August 04,2010 at 15:48:37 UTC from IEEE Xplore. Restrictions apply.



ESPI HUERTA et al.: SYNCHRONOUS REFERENCE FRAME PREDICTIVE CURRENT CONTROL FOR INVERTERS 957

Control Power

—_—_— — — = = = = = = = =

B
2 R _ i
irep(k) - (BLo)l i N BLoz | Vi) T  (1-0)z+d |/}
E J Ny | =1 PTo o = (L. n
T Lz _?\j;* 7 L S o b S 7
\
c 7

(k)
—>

Fig. 4. Equivalent SISO control to simplify the dynamic analysis.

Moreover, when sampling frequencies are above 3 kHz, the
small cross-coupling terms in A4 can be neglected (w; T < 0.1
for a 50-Hz grid), i.e.,

Ag~A,~p(-1 (26)

where 3 = e(-r/L)T  and the discrete model of the power
stage (12) approximates the decoupled system

(k+1)~p3-i(k)+ %[M(k —1-m)

+ (L= 68)vi(k —m) — v, (k)] @7
where § = Ty /T < 1. The transfer matrix from v; to i’ is
T/L [(1—=060)-2+6
Hi(z)NZﬁ-[ S ]-I (28)
presenting a zero at z = —d/(1 — ¢§). The zero lies outside the
unit circle if 6 > 0.5, that is, if T,; > T'/2.
If a scalar matrix L, is chosen, i.e.,
Li=1L,-1 (29)

where L, is a scalar value between 0 and 5~ 1 and (24)
and (26) are taken into account, the control in Fig. 3 be-
comes decoupled into two identical single-input—single-output
(SISO) controls, one for the d-coordinate and the other for the
g-coordinate. Fig. 4 shows the resulting equivalent SISO con-
trol for each coordinate. Notice that the ratio L., /L acts as a
gain in the loop and that G (z) is a derivative prefilter. The
standard predictive control is a particular case for L, = (.

Fig. 5 compares the closed-loop poles and step responses
of the exact multiple-input-multiple-output (MIMO) control
(Fig. 3) and the equivalent SISO control (Fig. 4). In gray color,
the closed-loop eigenvalues fit the root-locus curves of the
equivalent SISO loop as the ratio L,,/L increases. Transients
of both exact and equivalent controls are barely distinguishable.
Hence, the SISO control of Fig. 4 can be used to analyze the
dynamic performance of the MIMO control, and, therefore, all
classical control concepts, like bandwidth or phase and gain
margins, apply, without the need for using the less-intuitive
eigenvalue analysis of the MIMO loop. Stability properties of
the control depend only on the equivalent feedback in Fig. 4,
while the speed against reference changes depends on both
prefilter and feedback loop.

C. SRF-RPCC With Sampling Before the Calculation Interval
As mentioned before, the condition for deadbeat operation
istg = T(m =1, ~ 0). In this situation, the equivalent open-
loop gain is, from Fig. 4
Ly L, 1
L (z+ Lo)(z—1)

(30)

Root Locus Step Response
l 3
(a) | : x——x
15
1
(b) | %o x——x

(©

(d

1.8

Z-plane

Time (ms)

Fig. 5. Root-locus and step transient response of the proposed SRF-RPCC
(L =1.9mH,rr = 1.5 Q). Switching and sampling frequencies are 10 kHz,
and L, = 0.5. (a) Ideal RPCC (m = 1,6 = 0). (b) Adding a small delay
(m = 1,0 = 0.2). (c) Adding a larger delay (m = 1, = 0.6). (d) Sampling
inside the calculation interval with large delay (m = 0, = 0.6).

where, for the sake of simplicity, it has been supposed
that § ~ 1. The closed-loop characteristic equation is P(z) =
22+ (Lo —1)-2+ Lo((Lyn/L) —1) =0. In order to find
the limits for L,,, we will use the Jury criterion. The
system is stable if L,|(L,, /L) —1] <1, P(z=1)>0 and
P(z = —1) > 0. Expanding these inequations, we get that the

control is stable if
1+L, (Ln
L = LO B < L )max .

0< — (€20

For L, = 1 (traditional predictive control), the limit is the well-
known L,, = 2L. A smaller value for L, expands the tolerance
against uncertainties in L while maintaining the deadbeat per-
formance. For instance, if L, = 0.5, the limit is L,,, = 3L.

The frequency response of the equivalent loop gives an
insight into the robustness performance. Assuming L,,, ~ L in
(30) and applying the Tustin or bilinear transform, we get

ve (1= 55

(32)
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Fig. 6. Bandwidth-reduction factor of the proposed SRF-RPCC.

where v, = (2/T)((1+ Lo,/1—L,)) > (2/T), and v, =
(2/T)((Lo/2/1+ L,)) is the crossover frequency in the
transformed w-domain. The real crossover frequency or
control bandwidth of the proposed SRF-RPCC is

2 L,/2
We = arctan (1 _E/Lo). (33)
The bandwidth reduction factor, defined as
We
L)= ———— 34
a(Ly) Lo =) (34)

is shown in Fig. 6 as a function of L,. The bandwidth w, re-
duces as L, decreases, increasing both gain and phase margins.
Moreover, the accelerated reference given by the derivative
prefilter compensates for this bandwidth reduction (loss of
velocity) of the feedback loop so that the control is still a two-
sample deadbeat (t; ~ T).

The phase margin is approximately

PM =~ T_ 2 arctan Lo/2 — arctan M
2 1+1L, 2(1+ L,)?
(€R)

and, obviously, the gain margin is, as stated by (31)

GM (dB) = 20 - log (1 EL) . (36)

In general, the SRF-RPCC improves considerably the sta-
bility margins of the traditional predictive controllers. For in-
stance, for L, = 0.4, the phase margin of the SRF-RPCC with
sampling before the calculation interval is 70°. Within the next
section, it will be shown that the phase margin can be improved
even more by sampling during the calculation interval.

If a nonnegligible delay 7} is considered now, the equivalent
loop is actually

(1-68)z+6

B == TG =1

(37

and the deadbeat performance degrades, as shown in Fig. 5(b)
and (c). If L,,, = L, the closed-loop characteristic polynomial
is 22 — (1 — L,)2% — L,0z + L,6. Again, using the Jury crite-
rion, we conclude that the control is stable if

1 1

0< — — —.

T (38)

While the conventional predictive control only permits § <
0.5, the SRF-RPCC increases the tolerance against delays.

2T
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Fig. 7. Stability and instability regions of the proposed SRF-RPCC, as a
function of the control delay t4 and L.

Now, even if the zero lies at the left of —1 (nonminimum phase
zero) due to a large delay, the root—locus branch connects — L,
with the zero. If the previous condition is satisfied (always, for
L, < 2/3), the closed-loop pole will remain in the stability
region, in the interval [—1, —L,] [see Fig. 5(c)]. In fact, such
an election of L, sets the equivalent loop bandwidth below the
frequency of the nonminimum phase zero. Again, the derivative
prefilter compensates for the lack of speed of the loop.

D. SRF-RPCC With Sampling During the Calculation Interval

Robustness can be improved even more if sampling is per-
formed inside the calculation interval. From Fig. 4, the equiva-
lent loop transfer function is now

_ LynL, (1-0)z+06
He(Z) - T ' (Z+Lo)(2— 1)

39)

Applying the Jury criterion to the closed-loop characteristic
polynomial, it is concluded that the control will be stable if the
two following inequations are accomplished:

L, 2(1—L,)
(1 2) < S (40)
L'"L 1 + LO
41
L 5L, S

Inequation (40) is equivalent to |H.(z = —1)| < 1 (atten-
uation at high frequencies). To study the delay tolerance of
the SRF-RPCC, it is assumed that L,, =~ L. In this case, (41)
is always accomplished, and, from (40), we get the stability
condition

5> 42)

N W

1
L,
Conditions (38) and (42) are shown simultaneously in Fig. 7.

If L, > 2/3 (as occurs with the conventional predictive con-
trol), there are alternating stable/unstable episodes as long as

the delay increases. However, if L, < 2/3 is chosen, the SRF-
RPCC is stable for any delay ¢4 in [0,27] [see Fig. 5(d)].
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35

Gain Margin (dB)

Fig. 8. Gain margin or L, /L maximum ratio (db) of the SRF-RPCC when
sampling inside the calculation interval (m = 0).

Tolerance to a higher delay time will be determined by the
phase margin and the loop gain crossover frequency.

Stability limits for L, /L can be also deduced from (40) and
(41). Since (40) is always true for 6 > 1/2, the gain margin can
be expressed as

[ Lm _ [ min(a, b),
GM_ ( L >max_ {b7

where a = 2(1 — L,)/(Lo(1 — 26)) and b = (1 + L,) /(6 Ly).
Equation (43) is represented in decibels in Fig. 8. The limits for
L,, are considerably expanded here. For instance, if L, = 0.5,
0 = 0.5, the limit is L,,, = 6L, which is three times higher than
the limits of the traditional predictive control. This limits can
be increased even more if a smaller value of L, is chosen.

To analyze the frequency response of the loop, we perform
the bilinear transformation in (39), obtaining

1_ w 1+
v (o) (1 2)
He(w)za' 14+ w

if§ e [0,
1o c [; 21] (43)
27

1f(5€[

(44)

where v, = (2/T)((1/1 — 26)), and v, and v, are those de-
fined in the previous section. The bandwidth of the RPCC with
sampling inside the calculation interval is still (33). As ex-
pected, the bandwidth is not delay-dependent, and Fig. 6 is still
valid to determine the bandwidth reduction as a function of L.
The phase margin is approximately
e

PM =~ T arctan Lo/2 — arctan Lo(1 -
2 ° (1
+ arctan ( 1 + I ) 45)

1+ L
which coincides with (35) for § = 1. The phase margin is
represented in Fig. 9. For values L, < 2/3, the control will
always be stable, with attainable phase margins that easily
exceed 75°. For instance, a design with L, = 0.5 and § = 0.5
gives a phase margin of 77°.

90
v D 8=0 -
85 ... N [ P
: . Instability
Region
@ : :
8 .
3 SN N
= : :
B TS b )
%0 3=0.6:
= :
o :
S 70F e
= 8=0.8:
65 b [P S
: : : =1
60 | 1 | 1 | 1 : | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 2/30.7 0.8 0.9 1

0

Fig. 9. Approximated phase margin of the SRF-RPCC, in degrees, when
sampling inside the calculation interval (m = 0).
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! | 2
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Fig. 10.

Implemented SRF-RPCC algorithm.

V. EXPERIMENTAL RESULTS

The proposed SRF-RPCC has been assayed on a 10-kW—
10-kHz inverter, with L = 1.9 mH, r;, = 1.5 €, and dc-bus
voltage vq. = 560 V built with a noncontrolled rectifier and
a 2200-pF capacitor bank. A transformer with 1:2 turns ratio
was used on the mains side. The measured efficiency was 94%
at full power, and the total harmonic distortion was THD =
1.2%. The algorithm shown in Fig. 10 was programmed in
an ARM-7 AT91SAM7X256 32-b microprocessor. A digital
version of the SRF-phase-locked loop described in [21] permits
the grid synchronization. Implementation of the space vector
modulation (SVM) algorithm is described in [22].

Fig. 11 shows the three inverter output currents in steady
state, for L, = 0.3. Fluke i30s probes were used, with a 1-M¢)
input impedance and a 100-mV/A sensitivity.

Fig. 12 shows one phase voltage (310 V) and the cor-
responding current (20 Apy). Power supplied to the grid is
approximately 9300W. The duty-cycle SVM modulation is also
displayed. The output filter lagging is compensated in Fig. 10
by advancing the SVM modulation by an angle 6.

Figs. 13 and 14 show the inverter output currents against
the step changes in the amplitude and the phase references,
respectively.
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500mv

Fig. 11. Three-phase currents of the inverter with SRF-RPCC (5A/div).
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Fig. 12. (Ch.1, 100V/div.) Grid voltage, (Ch.2, 10A/div.) grid current, and
(Ch.4) digital-to-analog converter output showing an SVM duty cycle.

Fig. 15 shows the experimental transients in the inverter
current produced by a step change in the amplitude reference
for three different values of L,,/L. Data were captured and
represented using Matlab. Sampling is outside the calculation
interval (m = 1) with T; =10 ps (6 =0.1), and L, = 0.3.
The control remains stable up to L,,, = 3L, beyond the limit
of the traditional predictive controller L,, = 2L.

Finally, Fig. 16 shows the improved limits achieved with the
SRF-RPCC when sampling is inside the calculation interval.
The control delay is Ty = 48 ps. (6 = 0.48). The control
remains stable up to L,,/L = 8, four times the limit of the
traditional predictive controllers. The root—locus intersection
with the unit circle (stability limit) in Fig. 5(d) is at higher
frequency than in Fig. 5(c). This explains the higher fre-
quency oscillations when sampling is inside the calculation
interval.

00V 1.00 V

Ch3[_5.00V
Fig. 13.  Response of the inverter output current against step changes in the

amplitude reference between 9 and 18A.

[3,\:- TR T ——
Chil_100V 1.00vV__ |M[10.0ms] A[ Ch3 L 1.50V
ch3[ 5.00V

Fig. 14. Response of the inverter output current against step changes in the
phase reference between 0° and 45°.

VI. CONCLUSION

This paper has presented a new predictive current control
(SRF-RPCC) for three-phase inverters in the synchronous or dg
reference frame. This control offers the fastest possible current
response while enhancing the stability limits of all previous
predictive controllers against control delays and inductance
variations. Active and reactive power can be independently and
rapidly controlled (Figs. 13 and 14). The RPCC can be also
applied to three-phase rectifiers with minimum changes.

This paper has started revealing that the d and ¢ dynamics
of the inverter currents are weakly coupled. Hence, the natural
choice for any current controller is in a “diagonal” form so that
the control decouples into two parallel SISO controls.

The SRF-RPCC combines a two-sample deadbeat control
law with a diagonal observer to estimate the future value of
the inverter output current. While the inclusion of an observer
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Fig. 15. Transients of the SRF-RPCC (L, = 0.3) with sampling before the
calculation interval (m = 1), Tg = 10 us (6§ = 0.1).
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Fig. 16. Transients of the SRF-RPCC (L, = 0.3) with sampling inside the
calculation interval (m = 0), Ty = 48 us (6§ = 0.48).

typically degrades the stability margins, this is an exception to
the rule. The observer gain L, acts as a trimmer for robustness.
Smaller values of L, give larger phase and gain margins.
This paper has used the equivalent SISO control to obtain
relationships between L,, delay time, and the stability margins
obtained (Figs. 8 and 9), proving that this margins widely
improve those of the previous predictive controllers.

This paper has also analyzed the stability limits of the RPCC
against control delays as a function of L, (Fig. 7). Unlike the
typical predictive controllers, the RPCC is always stable against
delays in the interval [0, 27 if L, < 2/3 is chosen.

The key factor why the RPCC improves robustness is that the
filtering properties of the observer reduce the loop gain at high
frequencies [see (40)], while an equivalent derivative prefilter
(Fig. 4) compensates the control bandwidth reduction (loss of
speed) with an “accelerated” reference.

Notice that small values of L, turn the error signal more
dependent on current estimation than on current measurements
(Fig. 10), and, therefore, a more accurate determination of L
and 77, is needed in these cases. However, control tuning is
straightforward for L, between 0.3 and 3 ~ 1. This paper has
shown experimental results for L, = 0.3.
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