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Abstract

This paper presents the modeling and design steps of a digital propor-
tional multi–resonant controller used in a grid–connected photovoltaic (PV)
system. It is shown that the use of only one Proportional–Resonant (PR)
compensator, tuned to the system fundamental frequency, may have its ef-
fectiveness compromised due to nonlinearities in the system components. To
overcome this drawback and improve the system’s output current waveform,
a multi–resonant controller is introduced. The performance of the discrete–
time designed controller is tested on a grid-connected photovoltaic power
plant. Experimental results obtained with the operation of a 30 kWp PV sys-
tem connected to a distribution network, using only the leakage inductances
of a connection transformer as passive filter are presented and discussed to
demonstrate the performance of the designed control strategy.
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1. Introduction

The integration of small and medium capacity sustainable sources–based
distributed generation systems into the electric grid is a fast and environ-
mentally friendly way to meet growing electricity demand in developed and
developing countries. Among renewable energy sources, photovoltaic (PV)
systems are one of the most promising, with a robust and exponential growth
[1].

Several converter topologies have been proposed to implement the inverter
and interface it with the grid [2]. They can be classified as single–phase or
three–phase, with one or more stages. Another categorization divide the
topologies into three major classes: (i) Low–frequency transformer coupling;
(ii) High–frequency transformer; and (iii) Transformerless topologies.

Transformerless topologies have the advantage of higher efficiency and re-
duced size. However, they have issues with respect to ground leakage current
and DC current injection into the grid. On the other hand, when galvanic
isolation is mandatory, topologies based on transformers must be used. Al-
though high frequency transformers eliminate the ground leakage currents,
they do not prevent DC current injection [3].

Based on the fact that the IEC 61727 [4] and IEEE 1547 [5] standards
set limits for the maximum allowable amount of DC current which can be
injected into the grid, the classical solution with line frequency transformer
between the converter and the grid will be used in this work. This solution in
addition to preventing the DC current injection, guarantees galvanic isolation
and voltage level adjustment.

Figure 1 shows a PV system single line diagram. It consists of PV ar-
rays connected to a voltage source converter (VSC) input terminals, along
with acquisition system, signal conditioning, and controls. The interface be-
tween the VSC and the grid is done only by a coupling transformer, where
its leakage inductances are used to attenuate the switching frequency cur-
rent harmonics. This approach eliminates the output low–pass filter hence
reducing the system size and cost.

Several strategies are used to control the interface converter. Historically,
the first control methods were developed in the natural or abc reference frame
[6]. They use nonlinear controllers (e.g. hysteresis controllers) and have
the disadvantage of requiring high sampling frequencies and to switch the
converter semiconductors with a variable frequency.

As an alternative, the synchronous reference frame can be used. In the
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Figure 1: Schematic Diagram of a grid-tied PV System.

dq0 frame, the variables are referred to a coordinate system synchronized with
the grid AC signals [7]. The advantage of this strategy is that the signals
in the synchronous frame are no longer AC, but DC signals. This allows
the design of simpler linear controllers (e.g. proportional-integral (PI)) [8].
Nevertheless, a Phase Locked-Loop (PLL) is required to estimate the angle
of the grid voltages in order to guarantee the correct transformation [9], [10].

Another approach is the use of the stationary αβ0 reference frame. This
strategy, when applied to a three phase, three–wire system reduces the num-
ber of controllable variables [6], [11]. However, as with the natural reference
frame, the currents and voltages are time varying waveforms.

This paper describes the design of a digital proportional multi–resonant
current controller. The objective is to compensate distorted currents gener-
ated by a photovoltaic system, especially when the PV system is connected
to the grid without output passive filters.

Initially an analytical model is presented in the abc frame and then it
is discretized and transformed to an αβ0 frame. The aforementioned model
is used to design the inner current compensators. When the system is con-
nected to the grid, with only a Proportional–resonant (PR) controller tuned
to the fundamental frequency, distorted currents are generated due to the
nonlinear behavior of the connection transformer. With the design and the

3



inclusion of additional resonant controllers, the distorted current is compen-
sated. Experimental results are presented to demonstrate and validate the
performance of the digital proportional multi–resonant controller.

2. AC–side model

Based on Figure 1, and neglecting the high frequency switching harmon-
ics, the following system can be written for the converter’s AC side

d

dt

 ia(t)
ib(t)
ic(t)

=

 −R
L

0 0
0 −R

L
0

0 0 −R
L

 ia(t)
ib(t)
ic(t)

+

 1
L

0 0
0 1

L
0

0 0 1
L

 va(t)
vb(t)
vc(t)

 , (1)

where ia(t), ib(t), and ic(t) are the instantaneous currents at the converter’s
terminals; va(t) =

(
vt,a(t)− va,pcc(t)/N

)
, vb(t) =

(
vt,b(t)− vb,pcc(t)/N

)
, and

vc(t) =
(
vt,c(t)− vc,pcc(t)/N

)
; vt,a(t), vt,c(t), and vt,c(t) are the instantaneous

voltages at the converter’s AC terminals; va,pcc(t), vb,pcc(t), and vc,pcc(t) are
the instantaneous voltages at the point of common coupling (PCC); N is the
transformer turns ratio; L and R are the equivalent leakage inductance and
the series resistance of the connection transformer windings reflected to the
primary side, respectively.

Applying the zero–order hold method, as explained in Appendix A, [12]
to discretize (1), yields

The discretization of (1) by using the zero–order hold (ZOH) method
(Appendix A) yields, ia(n+ 1)

ib(n+ 1)
ic(n+ 1)

 = Φ

 ia(n)
ib(n)
ic(n)

+ Γ

 va(t)
vb(t)
vc(t)

 , (2)

where (n + 1) and (n) represents the discrete time tn+1 = (n + 1)Ts and
tn = nTs, respectively; n is a positive integer that represents the sampling
time and Ts is the sampling time. The matrices Φ and Γ are calculated by

Φ =

 e−(RTsL ) 0 0

0 e−(RTsL ) 0

0 0 e−(RTsL )

 , (3)
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and,

Γ =


1−e−(RTsL )

R
0 0

0 1−e−(RTsL )
R

0

0 0 1−e−(RTsL )
R

 . (4)

Using the Clarke transform [8] to convert (2) from abc frame to αβ0
frame, the following state–space representation can be written iα (n+1)

iβ (n+1)

i0 (n+1)

=G

 iα (n)

iβ (n)

i0 (n)

+H

 vα (n)

vβ (n)

v0 (n)

, (5)

where the subscripts α, β and 0 identify the currents and voltages in the new
coordinate frame; vα (n) =

(
vt,α(n)− vα,pcc(n)/N

)
, vβ (n) =

(
vt,β(n)− vβ,pcc(n)/N

)
and v0 (n) =

(
vt,0(n)− v0,pcc(n)/N

)
. The matrices G and H are given by

G = [T]−1 =

 ϕ 0 0
0 ϕ 0
0 0 ϕ

 , (6)

and,

H = [T][Γ][T]−1 =

 d 0 0
0 d 0
0 0 d

 , (7)

where ϕ = e−(RTs/L), d = (1− ϕ) /R; T and [T]−1 are the Clarke’s direct
and inverse transformation matrices (Appendix B) [7], [8].

3. Control strategy

Using (5) and referring to the three–phase three–wire circuit shown in
Figure 1, the following relations can be written for the voltages at the con-
verter’s AC terminals{

vt,α(n+ 1) = uα(n) +
(
vα,pcc(n)/N

)
vt,β(n+ 1) = uβ(n) +

(
vβ,pcc(n)/N

) , (8)
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where uα(n) and uβ(n) are the new control variables in the αβ reference
frame. The inclusion of the terms

(
vα,pcc(n)/N

)
and

(
vβ,pcc(n)/N

)
in (8) has

a feedforward action reducing the influence of the grid voltage on the current
control loop [8].

Substituting (8) into (5) and neglecting the row and columns related to
zero sequence current and voltage yields{

iα(n+ 1) = ϕiα(n) + duα(n)

iβ(n+ 1) = ϕiβ(n) + duβ(n)
. (9)

In this new system, the dynamic behavior of iα(n+ 1) and iβ(n+ 1) can
be directly controlled by uα(n) and uβ(n), respectively.

The α–axis current control block diagram is depicted in Figure 2, where
the modulation signal mα(n) is used to generate pulse-width modulation
(PWM) signals and, therefore, to control the output current. The control
strategy is based on a negative feedback loop where the actual current iα(n) is
compared with a reference i∗α(n) generating an error εα(n) which is processed
by a controller C(z) generating a control signal uα(n).
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Figure 2: α–axis current controller block diagram.

Note in Figure 2 that the control signal uα(n) and the voltage
(
vα,pcc(n)/N

)
are added before they are divided by VDC(n)/

√
3. This procedure, besides

normalizing the modulation signal mα(n) due the fact that a space vector
modulation (SVM) is used [13], has a feedforward action reducing the influ-
ence of the variations of grid voltage and minimizing the effect of the DC
voltage’s ripple on the current controller’s output signal. The delay z−1 is
introduced in the block diagram to model the processing time. A similar
control block is used to control the β–axis current.

External loops may be included to control the level of the DC voltage
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and the reactive power injected into the grid [14]. The design of the afore-
mentioned controllers will not be addressed in this paper.

Based on the fact that the signals to be controlled on αβ frame are si-
nusoidal, proportional–resonant controllers can be used to guarantee a zero
steady state tracking at its resonance frequency [15].

3.1. Current controller design

The transfer function of a continuous–time proportional–resonant (PR)
controller is given by [16]

CPR(s) =
u(s)

e(s)
= kp + Cr(s) = kp + kr

(
s

s2 + ωr2

)
, (10)

where kp and kr are the proportional and resonant gains, respectively; Cr(s)
the transfer function of the resonant controller; and ωr is the resonant fre-
quency. Figure 3 shows the block diagram of a PR controller given in (10)
based on two integrators.

r
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s
/r rk 

r
1

s

pk
 u+

+

+

+

( )rC s

Figure 3: Block diagram of PR controller based on two integrators.

In order to implement digitally the PR controller, (10) must be dis-
cretized. There are several ways to discretize controllers with Euler’s and
Tustin integration methods being very popular when proportional–integral
(PI) controllers are used. In the case of PR controllers, these low–order
methods are not suitable because they cause a displacement of the resonant
poles position [17]. This characteristic, in turn, can reduce drastically the
controller’s effectiveness for higher resonance frequencies.

According to [17] the first–order hold (FOH) is one of the conversion
methods which provide a precise pole location and good delay compensation.
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Therefore, applying the FOH method, as shown in the Appendix C, to Cr(s)
given in (10) yields

Cr(z) = kr

(
1− cos(ωrTs)

ω2
rTs

)[
1− z−2

1− 2 cos(ωrTs)z−1 + z−2

]
. (11)

Consequently, the discrete–time version of the PR controller is

CPR(z) = kp + Cr(z). (12)

There are some methodologies to design the PR controller. Most of them
are based on gain and phase stability margins aided by Bode’s diagram.
Although these methods work pretty well for systems in which the frequency
response decay monotonically, they are not suitable for more complex systems
where the gain and phase curves cross 0 dB and 180 degrees, respectively,
more than once [18].

For systems in which the open loop has resonant poles, the vector mar-
gin should be used. The vector margin is defined to be the distance to
the (−1, j0) point from the closest approach of the Nyquist plot. In other
words, it is the inverse of the maximum sensitivity function value. Because
the vector margin is a single margin parameter, it removes all the ambigui-
ties in assessing stability that comes with using gain and phase margins in
combination [18].

The sensitive function is given by

S(z) =
1

1 +G(z)CPR(z)
, (13)

where G(z) is the plant’s transfer function, which based on (9) is given by

G(z) = z−1
iα(z)

uα(z)
= z−1

iβ(z)

uβ(z)
=

dz−2

1− ϕz−1
, (14)

where the delay z−1 is incorporated to the plant’s transfer function.
As defined previously, the distance of the open–loop transfer function

G(z)CPR(z) to the critical point (−1, j0) at each frequency ω, for z = ejωTs ,
in the Nyquist diagram is

D(z) = 1 +G(z)CPR(z), (15)

where D(z) is the inverse of the sensitivity function. Therefore, the vector
margin is defined as η = min |D(z)|, which is a dimensionless quantity.
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Based on the fact that the resonant part of the PR controller only changes
the frequency response in a small range around the resonance frequency,
the proportional gain can be designed first. After that, the influence of
the resonant controller may be included and its effects analysed in order to
establish a suitable value for kr.

For a given vector margin, the correspondent kp gain can be found easily
through Nyquist plot graphical analysis aided by a computer. An analytical
relation between these two parameters can also be obtained [19]. However,
it involves complex calculations.

According to [20] reasonable values for the vector margin are between
0.5− 0.8. By doing so, it ensures a safe distance from the critical point and
as a consequence a well damped transient response, allied to good switching
and high frequency attenuation.

Based on the aforementioned, and with η = 0.7 the corresponding pro-
portional gain is kp = 2.66 V/A. Figure 4 depicts the Nyquist diagram of
G(z) and kp ·G(z) for the system parameters given in Table 1.
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Figure 4: Nyquist diagram of G(z) and kp ·G(z), for kp = 2.66 V/A.

After the value of the proportional gain is obtained, the controller’s reso-
nant portion can be included and the influence of kr on the system’s stability
analyzed in order to choose an appropriate gain.

Figure 5 depicts the Nyquist plot of G(z)CPR(z) for different values of
kr. As can be seen, increasing the value of the resonant gain results in a
reduction of the stability margin. For kr = 3000 V/(A · s) the vector margin
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Table 1: System parameters.

Description Value

Switching frequency (fsw) 20 kHz
Sampling frequency (fs) 12 kHz
Fundamental frequency (f1) 60 Hz
Phase rms voltage (Vt) 127 V
Leakage inductance (L) 0.83 mH
Series resistance (R) 0.37 Ω
Turns ratio (N) 2

is reduced from 0.7 to 0.665, which is still a reasonable distance from the
critical point.

The choice of kr = 1000 V/(A · s) provides a good tradeoff between
transient response and selective filtering [19]. This value also yields a good
slope of the Nyquist curve at the crossover frequency, which affects drastically
the performance and robustness of the closed–loop system [21].
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Figure 5: Nyquist diagram of G(z)CPR(z) for different values of kr, and kp = 2.66 V/A.

4. Experimental Results

The current controller designed in the previous section and which parame-
ters are shown in Table 2, were implemented using a fixed–point TMS320F2812

10



DSP (digital signal processor) [22].

Table 2: PR controller parameters.

Description Value

proportional gain (kp) 2.66 (V/A)
resonant gain (kr) 1000 V/(A · s)
vector margin (η) 0.692

In Figure 6, the instantaneous currents injected into the AC grid in steady
state are shown. It can be seen that these currents contain some harmonic
components which is verified by the harmonic spectrum depicted in Figure 7.
The total harmonic distortion (THD) is 8.5%. Note that the magnitude of
the fifth and seventh harmonics, as well as the THD, are above the limits
recommended by [5].

Figure 6: Three–phase currents at the converter’s terminals (horiz. scale: 2 ms/div; vert.
scale: 22 A/div).

As the converter is connected directly to the interface transformer’s termi-
nals, the voltage with high–frequency components forces the transformer to
operate in a non–linear region. Consequently, it distorts the output currents.

In order to avoid this problem, the line transformer should be oversized or
passive filters can be connected between the static converter and the trans-
former. In both cases there is an increase in volume and cost of the PV
system. The next section provides an alternative solution for this problem
based on multiples resonant controllers.
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5. Multi–resonant controllers

The harmonic components present in the output current can be com-
pensated using several resonant controllers tuned to the frequency of each
individual harmonic to be attenuated.

Based on the fact that the resonant controller presents a high gain at the
resonant frequency and a small influence on the remaining frequency spec-
trum, this characteristic allows the aggregation of several resonant controllers
together, as shown in Figure 8.
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Figure 8: Block diagram of a Proportional Multi–resonant controller tuned to fundamental,
5th, 7th, 11th and 13th harmonics.

The resulting transfer function of the association of several resonant con-
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trollers in parallel is

Cr,t(z) = kp +

nh∑
h

Cr,h(z), (16)

where h is the harmonic order and nh is highest frequency harmonic compo-
nent.

As kp affects the frequency spectrum equally, only one proportional gain
is used. Therefore, it can be calculated as shown in the section 3.1.

According to the Figure 7 at least two resonant controllers must be in-
cluded, tuned to the 5th and 7th harmonics, in order to guarantee that the
output currents comply with the standard [23]. Even though the 11th and
13th harmonics are below the specified limits, resonant controllers tuned to
these frequencies are added as well to improve the quality of the generated
power and the current THD.

Figure 9 shows the Nyquist diagram of G(z)Cr,t(z) with the inclusion
of the resonant controllers tuned to 5th, 7th, 11th and 13th harmonics. It
should be noted that the system presents two gain margins, one positive and
one negative (smaller). This does not imply instability, because there is no
clockwise encircles of the (−1+j0) point. Although it means that the system
is conditionally stable. It may still become unstable if the gain is increased
or decreased. Fact which is not desirable.
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Figure 9: Nyquist diagram of G(z)Cr,t(z), for h = 1, 5, 7, 11 and 13, and kr = 1000 V/(A ·
s), and kp = 2.66 V/A.
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Despite the fact that the system is stable, the vector margin is too small
(η = 0.098), which means that the control loop has a poor stability margin
and also that the time response may present poor damped oscillations. An-
other important issue is that the processing delay may affect the controller
performance or even cause instability [15].

In order to overcome the drawbacks, the following delay compensation
was proposed in [24]

Cd
r (s) = kr

[
s cos(kωrTs)− ωr sin(kωrTs)

s2 + ω2
r

]
, (17)

where k is the number of sampling periods to be compensated. According to
[25], k = 2 results in a suitable compensation value.

Applying the FOH method to discretize (17) gives

Cd
r (z) = kr

{
(1− z−1) [cos(kωrTs) + sin(kωrTs)ωrTs − cos((k + 1)ωrTs)]

ω2
rTs(1− 2z−1 cos(ωrTs) + z−2)

+
2z−1 sin(kωrTs)[sin(ωrTs)− cos(ωrTs)]

ω2
rTs(1− 2z−1 cos(ωrTs) + z−2)

}
.(18)

Figure 10 depicts the Nyquist diagram of G(z)Cr,t(z) with the inclusion
of the delay compensation for the 11th and 13th harmonics. The 5th and
7th does not need the compensation.

As can be clearly seen, the delay compensation drives the Nyquist tra-
jectory far from the instability point. As a consequence, the vector margin
increased from 0.098 to 0.485, which is a reasonable stability margin.

5.1. Experimental results

In order to improve the waveforms of the current injected into the grid,
four resonant controllers, for each axis (α and β), are added in parallel with
the previously designed PR controller. The additional controllers are tuned
to 300, 420, 660 and 780 Hz. The resonant gain kr of each new compensator
is 1000 for the reasons explained above.

Figure 11 shows the currents at the converter’s terminals with the inclu-
sion of the additional resonant compensators. It can be seen that the currents
are sinusoidally shaped. The harmonic components at which the resonant
controllers are tuned to, have their amplitude reduced as shown in Figure 12.
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Figure 10: Nyquist diagram of G(z)Cr,t(z) with delay compensation, for kr = 1000 V/(A ·
s), and kp = 2.66 V/A.

Figure 11: Three–phase currents at the converter’s terminals with multiple resonant con-
trollers (horiz. scale: 2 ms/div; vert. scale: 22 A/div).

A comparison between Figures 7 and 12 shows that the output currents
are significantly improved hence achieving a suitable power quality indicator
according to [23]. The currents’ THD is dramatically reduced from 8.5% to
2.14%.

Figure 13 shows the voltage and the current at the point of common
coupling.
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Figure 12: Harmonic spectrum of the “a” phase current, THD = 2.14%.

Figure 13: Voltage and current at the point of common coupling (horiz. scale: 2 ms/div;
vert. scales: CH1 7→ 11 A/div and CH2 7→ 25 V/div).

6. Conclusion

This paper presents the discrete–time modeling and control design of a
three–phase, single stage grid–connected photovoltaic system. The system is
controlled by a current–mode controller where digital proportional multi–
resonant controller is used. The controller design is based on the discrete–
time analytical model of the interface converter. It is shown that a PR com-
pensator tuned to the fundamental frequency is not sufficient to ensure that
the converter synthesises sinusoidal currents as a result of the non–linear
operation of the connection transformer. This undesired behaviour could
have been avoided by using passive filters between the converter’s terminals
and the coupling transformer. However, in addition to increasing volume
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and cost of the PV system, these filters may cause resonance issues if many
of those systems are connected to the power distribution network. Alterna-
tively, several resonant controller are introduced to compensate the distortion
present in the output currents. This solution does not lead to any change in
the hardware originally developed. The design of the resonant controller is
based on the stability analysis and frequency response through the Nyquist
diagram and vector margin. Experimental results showed the effectiveness
of the approach.
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Appendix A. Zero Order Hold Equivalent of the State Space Equa-
tion

The discrete-time solution of the state-space equation ẋ(t) = Ax(t) +
Bu(t) is given by [12]

x (tn+1) = eA(tn+1−tn)x (tn) +

∫ tn+1

tn

eA(tn+1−τ)Bu (τ)dτ, (A.1)

where tn and tn+1 are two successive sampling instants of a continuous time
system.

Assuming u (τ) is held constant in a sampling interval Ts = (tn+1 − tn),
that is, u (τ) = u (tn) , ∀ tn ≤ τ < tn+1, it is possible to rewrite (A.1) as,

x (tn+1) =
[
eATs

]
x (tn) +

[∫ tn+1

tn

eA(tn+1−τ)Bdτ

]
u (tn) , (A.2)

where,

Φ = eATs , (A.3)

and,

Γ =

∫ tn+1

tn

eA(tn+1−τ)Bdτ. (A.4)
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Note that Φ and Γ as A and Ts are constants. Thus, starting the sampling
operations at t0 = 0, and making use of an uniform sampling period Ts, (A.2)
can be rewritten as shown bellow,

x (n+ 1) = Φ x (n) + Γ u (n) , (A.5)

where (n+ 1) = (n+ 1)Ts and n = nTs denote the discrete time tn+1 and
tn, respectively.

Appendix B. The Clarke’s transformation

The direct and inverse transformation of the voltages and currents be-
tween the abc to αβ0 reference frames, and vice-versa, are given by [7], [8]:

fαβ0 (n) = T fabc (n) , (B.1)

and,

fabc (n) = T−1fαβ0 (n) , (B.2)

where,

T =
2

3


1 −1

2
−1

2

0
√
3
2
−
√
3
2

1
2

1
2

1
2

 , (B.3)

and,

T−1 =


1 0 1

−1
2

√
3
2

1

−1
2
−
√
3
2

1

 , (B.4)

where fabc (n) = [fa (n) fb (n) fc (n)]′, fαβ0 (n) = [fα (n) fβ (n) f0 (n)]′,
and, the subscript (′) denotes matrix transpose. The factor (2/3) is intro-
duced in (B.3) to guarantee amplitude invariance between (abc) → (αβ0)
quantities.
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Appendix C. The FOH Discretization of a Continuous Compen-
sator

The first–order hold (FOH) method assures that the response of discrete
equivalent system for a ramp input will be roughly equal to the output of
continuous system at the sampling instants.

In this way, assuming C (z) is the equivalent discrete form of the con-
tinuous compensator given by the transfer function C (s), to guarantee the
ramp invariance for the time domain output, the following equality should
be satisfied [26],

Z −1
{
C (z) · Tsz

(z − 1)2

}
= L −1

{
C (s) · 1

s2

}∣∣∣∣
t=nTs

, (C.1)

where L −1 and Z −1 are the Laplace and z inverse transformation, respec-
tively, and Ts is the sampling period.

Then, applying the z–transform in both side of (C.1) yields,

C (z) =
(1− z−1)2

z−1Ts
·Z

[
L −1

{
C (s) · 1

s2

}∣∣∣∣
t=nTs

]
. (C.2)
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design of resonant current controllers for voltage-source converters by
means of nyquist diagrams and sensitivity function, IEEE Transactions
on Industrial Electronics 58 (11) (2011) 5231–5250.

[20] K. J. Astrom, R. M. Murray, Feedback Systems: An Introduction for
Scientists and Engineers, 2007.

[21] A. Karimi, D. Garcia, R. Longchamp, PID controller tuning using bode’s
integrals, IEEE Transactions on Control Systems Technology 11 (6)
(2003) 812–821.

[22] http://www.ti.com/lit/ds/symlink/tms320f2812.pdf

[23] IEEE, IEEE std.928–1986 recommended criteria for terrestrial photo-
voltaic power systems, Tech. rep. (1986).

[24] R. I. Bojoi, G. Griva, V. Bostan, M. Guerriero, F. Farina, F. Profumo,
Current control strategy for power conditioners using sinusoidal signal
integrators in synchronous reference frame, IEEE Transactions on Power
Electronics 20 (6) (2005) 1402–1412.

[25] L. R. Limongi, R. Bojoi, G. Griva, A. Tenconi, Digital current-control
schemes, IEEE Industrial Electronics Magazine 3 (1) (2009) 20–31.

[26] C-T. Chen, Analog and digital control system design: transfer-function,
state-space, and algebraic methods, Saunders College Pub., 1993.

21


	Introduction
	AC–side model
	Control strategy
	Current controller design

	Experimental Results
	Multi–resonant controllers
	Experimental results

	Conclusion
	Zero Order Hold Equivalent of the State Space Equation
	The Clarke's transformation
	The FOH Discretization of a Continuous Compensator

