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State-Space Control for LCL Filters:
Converter Versus Grid Current Measurement

F. M. Mahafugur Rahman, Student Member, IEEE, Ville Pirsto, Jarno Kukkola,
Mikko Routimo, Member, IEEE, and Marko Hinkkanen, Senior Member, IEEE

Abstract—This paper deals with discrete-time state-space cur-
rent control of three-phase converters equipped with an LCL
filter. Either the converter or grid current is measured and the
unknown states are estimated using a reduced-order observer.
The stability and dynamic performance of the control designs
based on these two current measurement options are compared
by means of analysis and experiments at different sampling
frequencies and under varying grid conditions, ranging from
strong to very weak. Equal reference-tracking performance under
nominal conditions is used as a basis for comparison between
these two options. If a strong grid is assumed in the control
tuning, the controller based on the grid current measurement
(GCM) is found to be more robust against varying grid conditions
in a wide range of sampling frequencies than the controller based
on the converter current measurement (CCM). The CCM leads
to better dynamic performance as compared to the GCM if
the resonance frequency of the system falls below the critical
resonance frequency.

Index Terms—Feedback, grid converter, LCL filter, state-space
current control, weak grid.

NOMENCLATURE

Space Vectors

Space vectors in synchronous dq-coordinates are marked as
follows.
eg Grid voltage.
ic Converter current.
ig Grid current.
uc Converter voltage.
ug PCC voltage.

Space vectors in stationary coordinates are marked with the
superscript s.

Transfer Functions

F c, F g Reference prefilters.
G Reference-tracking transfer function.
Gc, Gg Feedback controllers.
Y Closed-loop admittance.
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Matrices

Cg Output matrix for the GCM.
Cc Output matrix for the CCM.
I Identity matrix.
K State-feedback gain matrix.
Ko Observer gain matrix.
Φ State-transition matrix.
Γ Input matrix for the converter voltage reference.
Γe Input matrix for the grid voltage.

Other Symbols

Cf LCL-filter capacitance.
fc Critical frequency.
fr Resonance frequency.
fs Sampling frequency.
ki Integral gain.
kt Feedforward gain.
Lfc Converter-side inductance of an LCL filter.
Lfg Grid-side inductance of an LCL filter.
Lg Grid inductance.
Ts Sampling period.
αc Closed-loop bandwidth of current control.
ζo, ζr Damping ratios.
ωg Grid angular frequency.
ωr Resonance angular frequency.

Parameter estimates used in the control tuning are marked with
hats.

I. INTRODUCTION

GRID converters equipped with an LCL filter are increas-
ingly used to connect distributed and renewable energy

sources to the electric grid. The LCL filter is the preferred
option to attenuate the switching harmonics because of its
compact size and better grid-current quality in comparison
with the L filter [1], [2]. Active resonance damping of the LCL
filter by means of control [3] improves the system efficiency as
compared to passive damping [4]. State-space control provides
a straightforward way for active resonance damping and for
setting the dominant dynamics of the closed-loop system [3],
[5]–[17].

As shown in Fig. 1, the current control can be based on
either the CCM or the GCM. In the CCM-based control, the
current sensors can be integrated into the converter module,
which reduces the amount of external cabling and simplifies
signal conditioning hardware. Furthermore, the same sensors
can be used for protecting the converter against overcurrent.
On the other hand, with the GCM, the power factor and the
current injected into the grid can be directly controlled at the
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Fig. 1. Space-vector model of an LCL filter and an inductive grid in stationary
coordinates (vectors marked with the superscript s). The current controller,
operating in PCC-voltage coordinates is also shown. Either the converter or
grid current is measured. The PLL determines the PCC-voltage angle ϑg.

point of common coupling (PCC). State-space control based
on the CCM is presented in [3], [5]–[7] and based on the GCM
in [9]–[13]. The unknown states can be estimated using a full-
order observer [5], [6] or a reduced-order observer [7], [10]–
[12]. The reduced-order observer provides better disturbance
rejection than the full-order observer [18].

In state-space control, the closed-loop poles can be placed
at desired locations, e.g., using direct pole placement [5], [8],
[10]–[12], linear quadratic (LQ) control [9], [13]–[16], or H∞
control [17]. The direct pole-placement method provides a
convenient way to solve the controller and observer gains.
The gains can be solved using numerical tools [10]–[12]
or analytically [5], [8] using the system parameters and the
desired pole locations. However, the actual poles of the system
depend on the grid impedance, which is typically unknown.
The grid impedance may degrade the dynamic performance
of the closed-loop system or lead to unstable operation of the
converter [19]–[22]. Current control becomes challenging in
weak grids, where the grid impedance is high [21], [22].

The time delays due to sampling, pulse-width modulation
(PWM), and computation play an important role in the design
of the current-control loop. The ratio of the filter resonance fre-
quency fr to the sampling frequency fs affects the stability of
single-loop proportional-integral (PI) or proportional-resonant
(PR) current control [23]–[28]. Stability problems arise for
the CCM case if the filter resonance frequency fr is above the
critical resonance frequency fc = fs/6 and for the GCM case
if fr is below fc [26]–[28]. On the contrary, a discrete-time
state-space controller can stabilize the system, independently
of the resonance frequency of the filter [11]. However, the
robustness against grid strength variations still depends on
the ratio between the resonance frequency and the sampling
frequency. Even though limitations of the PI controllers with
both current measurement options have been analyzed in [23]–
[25], there is no comparison available for state-space control,
particularly in the case of weak grids.

The main contribution of this paper is to compare the
stability of discrete-time state-space controllers, based on the
CCM and GCM options shown in Fig. 1. The comparison

is carried out at different sampling frequencies and under
varying grid conditions, ranging from strong to very weak.1

The grid current is chosen as the controlled variable in both
options. Equal reference-tracking performance under nominal
conditions is used as a basis for comparison. The design of the
controllers is based on the direct pole-placement method with
the radial projection for the resonance damping of the LCL
filter [11], [18]. Both measurement options are experimentally
compared in terms of reference tracking and disturbance
rejection using a 12.5-kVA three-phase grid converter under
strong and very weak grid conditions.

II. SYSTEM MODEL

A. Open-Loop System

Fig. 1 shows a space-vector circuit model of an LCL filter
and a grid in stationary coordinates (vectors marked with
the superscript s). The converter voltage is uc, the voltage
across the capacitor is uf , the PCC voltage is ug, and the
grid voltage is eg. The converter current is denoted by ic
and the grid current by ig. The LCL filter parameters are
denoted by Lfc, Cf , and Lfg. The grid inductance is Lg and
the grid-side inductance seen from the capacitor terminals is
Lgt = Lfg + Lg. The undamped resonance angular frequency
of the system

ωr = 2πfr =

√
Lfc + Lgt

LfcCfLgt
(1)

depends on the grid inductance Lg, i.e., increasing the grid
inductance decreases the resonance frequency.

The model of the system shown in Fig. 1, after transforma-
tion to synchronous dq-coordinates rotating at the grid angular
frequency ωg, is considered in this paper. The derivation of the
model is given in Appendix A. The computational delay of one
sampling period exists in standard implementations, i.e., [5],
[11]

uc(k + 1) = e−jωgTsuc,ref(k) (2)

where uc,ref is the converter voltage reference and Ts = 1/fs
is the sampling period.

Including the delay (2), a discrete-time model for the plant
shown in Fig. 1 can be expressed as

x(k + 1) = Φx(k) + Γuc,ref(k) + Γeeg(k)

ig(k) = Cgx(k) ic(k) = Ccx(k) (3)

where x = [ic,uf , ig,uc]
T is the state vector and the system

matrices are defined in Appendix A.
Fig. 2 shows the block diagrams of the open-loop systems

(inside the gray blocks). The open-loop transfer functions
can be derived from (3) for both measurement options. For
example, the transfer functions from the converter voltage

1As compared to the preliminary study [29], two significant additions have
been made. Firstly, two different grid strengths (strong and very weak) are
assumed for control tuning to examine the effect of the grid inductance
estimate on the stability of current control. Secondly, the robustness against
grid strength is analyzed at different sampling frequencies.
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Fig. 2. Current control system rearranged as a 2DOF control structure: (a) GCM; (b) CCM. The open-loop systems are shown inside the gray blocks.

Fig. 3. Frequency responses of Y g(z) (blue), Y c(z) (red), and Hc(z)
(black dashed) in synchronous coordinates. The nominal LCL-filter parameters
given in Table I are used. The grid inductance is Lg = 0 and the resonance
frequency is fr = 1.34 kHz. The sampling period is Ts = 100 µs.

reference to the grid current and to the converter current,
respectively, are

ig(z)

uc,ref(z)
= Y g(z) = Cg(zI−Φ)−1Γ (4)

ic(z)

uc,ref(z)
= Y c(z) = Cc(zI−Φ)−1Γ. (5)

Similarly, the transfer functions from the grid voltage to the
grid current and to the converter current, respectively, are given
by

ig(z)

eg(z)
= Y eg(z) = Cg(zI−Φ)−1Γe (6)

ic(z)

eg(z)
= Y ec(z) = Cc(zI−Φ)−1Γe. (7)

The transfer function from the converter current to the grid
current is obtained as

ig(z)

ic(z)
=Hc(z) =

Y g(z)

Y c(z)
(8)

where the relation between the transfer functions Y g(z) and
Y c(z) can also be seen. The frequency responses of the
transfer functions (4), (5), and (8) are shown in Fig. 3. It
can be seen that both Y g(z) and Y c(z) have resonance at fr.
Furthermore, Hc(z) exhibits resonance at the same frequency
as Y c(z) has its antiresonance.

B. Closed-Loop System
Fig. 2 also shows the block diagrams of the current con-

trollers for both measurement options, rearranged as a two-

degrees-of-freedom (2DOF) control structure. The structure
consists of a reference prefilter and a feedback controller.
According to Fig. 2(a), the GCM loop gain is Lg(z) =
Y g(z)Gg(z) and the closed-loop response is

ig(z) =
F g(z)Lg(z)

1 +Lg(z)︸ ︷︷ ︸
G(z)

ig,ref(z) +
Y eg(z)

1 +Lg(z)︸ ︷︷ ︸
Y (z)

eg(z) (9)

where G(z) is the reference-tracking transfer function and
Y (z) is the closed-loop output admittance. The output ad-
mittance can be shaped only via the controller Gg(z), while
reference tracking can also be affected via the prefilter F g(z).

According to Fig. 2(b), the CCM loop gain is Lc(z) =
Y c(z)Gc(z) and the closed-loop response is

ig(z) =
F c(z)Lc(z)Hc(z)

1 +Lc(z)︸ ︷︷ ︸
G(z)

ig,ref(z)

+

[
Hc(z)Y ec(z)

1 +Lc(z)
+He(z)Y ec(z)

]
︸ ︷︷ ︸

Y (z)

eg(z). (10)

By examining (9) and (10), it can be observed that the open-
loop transfer functions, cf. (4)–(7), play a significant role in the
characterization of the closed-loop system. It is evident from
Figs. 2 and 3 that the CCM loop gain becomes unavoidably
different from the GCM loop gain, leading to different closed-
loop output admittances. Due to the additional degree of
freedom provided by the reference prefilter, reference tracking
of the CCM case can be designed to equal that of the GCM
case under nominal conditions.

III. CURRENT CONTROL

Fig. 1 shows the overall block diagram of the current
control system. The current controller operates in PCC-voltage
coordinates, where ug = ug + j0. Fig. 4 shows the structures
of the two state-space controllers to be compared. The state
and parameter estimates are marked with hats. To provide the
basis for the comparison, reference tracking of the CCM case
is designed to equal that of the GCM case under nominal
conditions. The reference-tracking transfer function G(z) be-
comes equal in (9) and (10) if the following three conditions
are met: 1) DC gains are equal; 2) closed-loop poles are equal;
and 3) closed-loop zeros are equal.
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A. Control Laws

In accordance with Fig. 4, the control law for the GCM is

xi(k + 1) = xi(k) + ig,ref(k)− ig(k)
uc,ref(k) = ktig,ref(k)−Kx̂(k) + kixi(k) (11)

where ki is the integral gain, kt is the feedforward gain,
K is the state-feedback gain, xi is the integral state, and
x̂ is the vector consisting of the measured and estimated
states. The states are estimated using a reduced-order observer,
as explained in Appendix B. The integral action eliminates
the steady-state error between the grid current reference and
measured grid current. The current controller and the reduced-
order observer is presented in detail in [12].

Similarly, the control law for the CCM is

xi(k + 1) = xi(k) + ic,ref(k)− ic(k)
uc,ref(k) = ktic,ref(k)−Kx̂(k) + kixi(k). (12)

In this case, the integral action eliminates the steady-state
error between the converter current reference and measured
converter current. As already mentioned, the grid current is
chosen as the controlled variable also in the CCM case.
Therefore, the converter current reference ic,ref has to be
expressed as a function of the grid current reference ig,ref .
Based on the plant model shown in Fig. 1, the control error
becomes zero in the steady state with accurate parameter
estimates, if the converter current reference is

ic,ref = (1− ω2
gĈf L̂fg)ig,ref + jωgĈfug,ref . (13)

The PCC voltage reference is

ug,ref =
√
e2gN − (ωgL̂gigd,ref)2 − ωgL̂gigq,ref (14)

where egN is the rated grid voltage magnitude. In this way,
the DC gain of the transfer function G(z) in the CCM case
can be made equal to that of the GCM case.

B. Gain Calculation

1) Design Process: Fig. 5 shows a flowchart for computing
the controller gains kt, ki, K, and Ko according to the direct
pole-placement method [5], [12]. The nominal parameters of
the LCL filter are typically known at the design stage, while
the grid inductance Lg is unknown. Typically, the controller
gains are calculated assuming a strong grid under nominal

Select the desired closed-loop poles (16) and (17)

Start the gain calculation

Select L̂fc, Ĉf , L̂fg, L̂g, and fs

Compute the system matrices Φ̂ and Γ̂

Compute the controller gains kt, ki, K, and Ko

Control system tuning is ready

Fig. 5. Flowchart of control tuning.

conditions [5], [11], [12]. However, the grid inductance can be
taken into account in control tuning, if weak grid conditions
are to be expected. In this paper, the controller gains are
calculated with the assumption of a strong grid (L̂g = 0) and
a very weak grid (L̂g = 1 p.u.) to examine the effect of the
grid inductance estimate on the stability of current control.

The selection of the sampling frequency fs also affects
the stability of current control. Two distinct stability regions
of the LCL filter resonance, below and above the critical
resonance frequency fc = fs/6, are identified in [26]. The
high resonance frequency region occurs if fr > fc, and the
low resonance frequency region occurs if fr < fc. In this
paper, the robustness of the current measurement options is
examined at two different sampling frequencies for which fc
becomes lower and higher than fr. After selecting L̂g and fs,
the matrices Φ̂ and Γ̂ are computed. These matrices are used
in the observer and in control gain calculation.

2) Desired Closed-Loop Poles: The system has three open-
loop poles, located at

pol,1,2 = exp[−j(ωg ± ωr)Ts] pol,3 = exp(−jωgTs). (15)

The open-loop poles depend on the grid inductance Lg and
on the sampling frequency fs = 1/Ts. As an example, Fig.
6 shows the open-loop pole locations for the grid inductance
of Lg = 0 and the sampling frequency of fs = 10 kHz. The
parameters of the LCL filter given in Table I are used.

In addition to the three open-loop poles, the computational
delay and the integral action add two more poles to the
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sampling frequency of fs = 10 kHz: open-loop poles (cyan); control poles
(black); observer poles (green). The design parameters are αc = 2π · 400
rad/s and ζr = ζo = 0.7.

closed-loop system. In order to design equal poles for G(z)
in (9) and (10), the nominal closed-loop poles are placed at
the same locations for both measurement cases. The resonant
poles of the LCL filter are damped using the radial projection
technique, i.e., the undamped natural frequency of the resonant
pole pair is not altered, as shown with the dashed arrows in
Fig. 6. Thus, the closed-loop control poles are parametrized
as [5]

p1,2 = exp
[(
−ζr ± j

√
1− ζ2r

)
ω̂rTs

]
p3,4 = exp(−αcTs) p5 = 0 (16)

where ζr is the damping ratio of the resonant poles and αc

is the approximate closed-loop bandwidth of current control.
The resonance angular frequency estimate ω̂r depends on the
grid inductance estimate L̂g according to (1). The observer
poles are parametrized as [5]

po1,o2 = exp
[(
−ζo ± j

√
1− ζ2o

)
ω̂rTs

]
(17)

where ζo is the damping ratio.
The dominant dynamics are determined by the pair p3,4

of double poles [5], [12]. The pole p5 originating from the
computational delay is not moved, since it is already in the
optimal location. In both measurement cases, the reference-
feedforward zero is placed to cancel one of the control poles at
p3,4. The plant has two resonant open-loop zeros, as explained
in [5]. These zeros become inherently equal in both cases
through the transfer function Hc(z), cf. (8). Thus, the transfer
function G(z) yields equal zeros in both cases. It is worth
mentioning that the transfer function G(z) does not depend
on the observer under nominal conditions.

The grid inductance estimate L̂g in the control tuning affects
the choice of the current control bandwidth αc. The larger the
grid inductance estimate L̂g is, the larger the controller gains
are for a given bandwidth αc. Too large gains amplify the
measurement noise and cause the converter output voltage to
saturate during a change in the operating point. Therefore, the
grid inductance limits the achievable bandwidth. This limita-
tion is of a fundamental nature, and it affects other controller

TABLE I
NOMINAL PARAMETERS OF A 12.5-KVA CONVERTER SYSTEM

Parameter Value Value (p.u.)

LCL filter
Converter-side inductance Lfc 3.3 mH 0.081
Grid-side inductance Lfg 3.0 mH 0.074
Capacitance Cf 8.8 µF 0.036

Grid
Inductance Lg

Strong grid 0 0
Very weak grid 40.2 mH 1

Angular frequency ωg 2π· 50 rad/s 1
Voltage egN (phase-neutral, peak)

√
2/3 · 400 V 1

Converter
Rated current (peak)

√
2 · 18.3 A 1

DC-bus voltage udc 650 V 2
Switching frequency fsw 5 kHz 100

types as well. In this paper, the current control bandwidth is
αc = 2π · 400 rad/s for L̂g = 0 and αc = 2π · 100 rad/s for
L̂g = 1 p.u. The damping ratios are ζr = ζo = 0.7. After
defining the closed-loop poles (16) and (17), the controller
and observer gains are calculated numerically, as in [11], [12].
The nominal system parameters, given in Table I, are used in
the gain calculation. As an example, the resulting closed-loop
poles with the nominal grid inductance of L̂g = 0, the nominal
control bandwidth of αc = 2π · 400 rad/s, and the sampling
frequency of fs = 10 kHz are shown in Fig. 6.

IV. ROBUSTNESS ANALYSIS

In this section, first, the robustness of both current measure-
ment options (GCM and CCM) against grid strength variations
is examined. Further, the dynamic performance obtained with
the GCM and CCM is compared by means of frequency
responses under strong (Lg = 0) and very weak (Lg = 1
p.u.) grid conditions.

A. Closed-Loop Poles

The robustness against grid strength variations is analyzed at
the sampling frequencies of 5 kHz and 10 kHz by computing
the eigenvalues (poles) of the closed-loop systems (9) and (10).
The sampling frequencies are achieved using single-update
PWM and double-update PWM at the switching frequency
of 5 kHz. The resonance frequency is fr = 1.34 kHz in the
strong grid case. Two different grids, strong (L̂g = 0) and very
weak (L̂g = 1 p.u.), are assumed in the control tuning for the
gain calculation, as explained in Section III-B.

1) Strong Nominal Grid: Fig. 7(a) shows the loci of the
closed-loop poles for both measurement cases as the actual
grid inductance is increased in the range Lg = 0 . . . 1 p.u.
The sampling frequency is fs = 5 kHz, i.e., fr > fc. The
inductance estimate L̂g = 0 is used in the controller and
the nominal control bandwidth is αc = 2π · 400 rad/s. The
corresponding nominal poles are shown with the green crosses.
When the actual grid inductance increases, the poles move
toward the unit circle. At Lg = 1 p.u., the poles remain inside
the unit circle only for the GCM case, i.e., it is stable. The
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Fig. 7. Loci of the closed-loop poles when the actual grid inductance increases
in the range Lg = 0 . . . 1 p.u. The estimate L̂g = 0 is used in the controller
and the nominal control bandwidth is αc = 2π · 400 rad/s. The sampling
frequency is: (a) fs = 5 kHz; (b) fs = 10 kHz.

CCM case is more sensitive to the grid inductance variations.
The CCM case becomes unstable due to the complex conjugate
poles associated with the resonance of the LCL filter. These
are also the least damped poles in the GCM case.

Fig. 7(b) shows the loci of the closed-loop poles with the
sampling frequency of fs = 10 kHz, i.e., fr < fc. The
corresponding nominal pole locations are shown with the green
crosses. At Lg = 1 p.u., all the closed-loop poles remain inside
the unit circle in both measurement cases, i.e, they are stable
in the whole range of the grid inductance variation. However,
the CCM provides better damping for the resonance-frequency
poles.

2) Very Weak Nominal Grid: Fig. 8 shows the loci of the
closed-loop poles as the actual grid inductance is decreased in
the range Lg = 1 . . . 0 p.u. The inductance estimate L̂g = 1
p.u. is used in the controller and the nominal control bandwidth
is αc = 2π · 100 rad/s. The corresponding nominal poles are
shown with the green crosses. Fig. 8(a) shows the loci for
the sampling frequency of fs = 5 kHz and Fig. 8(b) for the
sampling frequency of fs = 10 kHz. As expected, the closed-
loop poles are well damped under weak grid conditions. Both
measurement cases become unstable if the actual grid is strong
(Lg = 0).
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Fig. 8. Loci of the closed-loop poles when the actual grid inductance
decreases in the range Lg = 1 . . . 0 p.u. The estimate L̂g = 1 p.u. is used
in the controller and the nominal control bandwidth is αc = 2π · 100 rad/s.
The sampling frequency is: (a) fs = 5 kHz; (b) fs = 10 kHz.

3) Effect of the Sampling Frequency: Fig. 9 shows the
stability map of the closed-loop system for both measurement
cases when the sampling frequency is varied in the range
fs = 2.5 . . . 10 kHz and the actual grid inductance is varied
in the range Lg = 0 . . . 1 p.u. The stability map is obtained
by numerical evaluation of the eigenvalues of the closed-loop
system. In the stable region, all the eigenvalues of the closed-
loop system are inside the unit circle.

In Fig. 9(a), the strong grid (L̂g = 0) is assumed in the
control tuning and the nominal control bandwidth is αc =
2π · 400 rad/s. In this case, a higher sampling frequency is
required for the CCM case to provide stable operation for the
whole range of the grid inductance variation. The GCM case is
robust against the grid inductance in a wider range of sampling
frequencies.

In Fig. 9(b), the very weak grid (L̂g = 1 p.u.) is assumed in
the control tuning and the nominal control bandwidth is αc =
2π · 100 rad/s. Neither of the measurement options provides
stable operation for the whole range of the grid inductance
variation. However, these tuning assumptions guarantee stable
operation in very weak grids for a wide range of sampling
frequencies. As shown in Fig. 9(b), the CCM case provides
a larger stability range for the grid inductance variation as
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(a)

(b)

Fig. 9. Stability maps as a function of the actual grid inductance Lg and the
sampling frequency fs: (a) L̂g = 0 and αc = 2π · 400 rad/s; (b) L̂g = 1
p.u. and αc = 2π · 100 rad/s. The black crosses correspond to the nominal
conditions in Figs. 7 and 8. The cyan circles refer to the conditions used in
the frequency response analysis in Figs. 10 and 11 and in the experiments
in Figs. 13 and 14. The green circles refer to the conditions used for the
experimental validation shown in Fig. 15.

compared to the GCM case.
It is worth noticing that stable operation is ensured indepen-

dently of the sampling frequency and of the grid assumption
(L̂g = 0 or L̂g = 1 p.u.) under nominal conditions, marked
with the black crosses in Fig. 9. This shows that the discrete-
time state-space controller can stabilize the system irrespective
of the ratio of the filter resonance frequency to the sampling
frequency, which is not possible with the PI or PR controllers
[25]–[28]. Furthermore, both measurement cases provide sta-
ble operation for actual grid inductances of 0. . .1 p.u. when
the resonance frequency of the system falls below the critical
resonance frequency.

B. Frequency Responses

Reference tracking and disturbance rejection are analyzed
by means of frequency responses under strong and very weak
grid conditions. The sampling frequency of fs = 10 kHz and
the grid inductance of L̂g = 0 are used in the control tuning,
since only this combination of parameters (out of the four
examined combinations shown with the black crosses in Fig.
9) provides stable operation for both measurement cases for
the whole range of grid strength variations.

1) Reference Tracking: The reference-tracking transfer
function in (9) and (10) can be expressed as

ig(z)

ig,ref(z)
= G(z) = Gdd(z) + jGqd(z). (18)

When the grid-voltage disturbances are omitted, the d-
component of the grid current is

igd(z) = Gdd(z)igd,ref(z)−Gqd(z)igq,ref(z). (19)

Fig. 10(a) shows the frequency responses of Gdd(z) for both
measurement cases under strong grid (nominal) conditions.

(a)

(b)

Fig. 10. Frequency response of Gdd(z) with L̂g = 0, and αc = 2π · 400
rad/s, and fs = 10 kHz: (a) strong grid Lg = 0; (b) very weak grid Lg = 1
p.u.

(a)

(b)

Fig. 11. Frequency response of Ydd(z) with L̂g = 0, and αc = 2π · 400
rad/s, and fs = 10 kHz: (a) strong grid Lg = 0; (b) very weak grid Lg = 1
p.u.

The frequency responses are identical and critically damped.
Fig. 10(b) shows the frequency responses of Gdd(z) under
very weak grid conditions. It can be seen that the closed-loop
systems become poorly damped, as expected based on Fig.
7(b). Fig. 10(b) also shows that the CCM provides a slightly
larger bandwidth and better resonance damping.

2) Disturbance Rejection: The closed-loop admittance in
(9) and (10) can be expressed as

ig(z)

eg(z)
= Y (z) = Ydd(z) + jYqd(z). (20)

When only the grid-voltage disturbance is considered, the d-
component of the grid current can be formulated as

igd(z) = Ydd(z)egd(z)− Yqd(z)egq(z). (21)
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(a) (b)

Fig. 12. (a) Photograph of the exprimental setup; and (b) external inductors
used for emulating the different grid conditions.

(a)

(b)

Fig. 13. Measured step responses of the grid current components igd and
igq with fs = 10 kHz, αc = 2π · 400 rad/s, and L̂g = 0: (a) strong grid
Lg = 0; (b) very weak grid Lg = 1 p.u.

Fig. 11(a) shows the frequency responses of Ydd(z) for both
measurement cases under strong grid conditions and Fig. 11(b)
under very weak grid conditions. It can be seen that the CCM
provides better disturbance rejection at low frequencies as
compared to the GCM.

V. EXPERIMENTAL RESULTS

Both current measurement cases are compared by means
of experiments using a three-phase 12.5-kVA 50-Hz grid

(a)

(b)

Fig. 14. Measured responses of igd and igq when a grid-voltage dip of 0.5
p.u. is applied at 10 ms: (a) strong grid Lg = 0; (b) very weak grid Lg = 1
p.u.

converter system (Table I). Fig. 12(a) shows a photograph
of the experimental setup. The switching frequency of the
test converter is 5 kHz and synchronous sampling (twice per
carrier, fs = 10 kHz) is used. The design parameters are the
same as in the previous analyses (ζr = ζo = 0.7, αc = 2π ·400
rad/s for L̂g = 0, and αc = 2π · 100 rad/s for L̂g = 1 p.u.).
A slow PLL having the bandwidth of 2π · 2 rad/s is used in
order to avoid the coupling between the current control and
PLL dynamics [21]. Different grid conditions, such as Lg = 0
(strong grid), Lg = 0.45 p.u., Lg = 0.85 p.u., and Lg = 1 p.u.
(very weak grid), are emulated by adding external inductors
shown in Fig. 12(b) between the PCC and the grid.

The experiments were carried out first assuming the strong
grid (L̂g = 0) in the control tuning [cf. Fig. 9(a)]. Figs.
13 and 14 show the corresponding measured responses of
the grid current components igd and igq. Fig. 13 shows the
measured responses of igd and igq, when a step of 0.2 p.u. is
applied to the reference igd,ref . Fig. 13(a) shows the responses
under strong grid (nominal) conditions. Both measurement
cases provide similar dynamics, since they have equal closed-
loop poles and equal reference-tracking performance, cf. Figs.
7(b) and 10(a). The responses are critically damped and very
close to the desired dynamics. Fig. 13(b) shows the measured
responses under very weak grid conditions (Lg = 1 p.u.).
As expected, the responses are underdamped and slower than
the specified nominal responses, cf. Figs. 7(b) and 10(b).
Furthermore, the response for the CCM is better damped.
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(a) (b) (c)

Fig. 15. Measured responses of the grid current components and the converter voltage reference, when a stepwise change is applied in the grid inductance Lg

at 0.05 s: (a) 1 p.u. → 0.85 p.u.; (b) 1 p.u. → 0.45 p.u.; and (c) 0.45 p.u. → 0. The nominal grid inductance is L̂g = 1 p.u., the nominal control bandwidth
is αc = 2π · 100 rad/s, and the sampling frequency is fs = 10 kHz. The black line in the fourth subplots shows the maximum available voltage udc/

√
3.

Fig. 14 shows the measured responses of igd and igq
obtained with the assumption of strong grid (L̂g = 0) in the
control tuning, when a balanced grid-voltage dip of 0.5 p.u.
is applied. The dip was generated using a 50-kVA three-phase
four-quadrant power supply (Regatron TopCon TC.ACS). The
converter supplies an active power of 0.3 p.u. to the grid.
Fig. 14(a) shows the measured responses under strong grid
conditions and Fig. 14(b) under very weak grid conditions. As
can be seen, both measurement cases reject the grid-voltage
dip well under both grid conditions. The CCM provides
faster disturbance rejection in comparison with the GCM, as
expected based on Fig. 11. Under very weak grid conditions,
slower dynamics are encountered as compared to the strong
grid conditions.

Theoretically, the CCM case leads to a steady-state error
under very weak grid conditions and under grid-voltage dip
operation. The steady-state error originates from the inaccurate
reference estimate in (13), since the grid inductance is assumed
to be zero and the grid voltage magnitude is assumed to be 1
p.u. under nominal conditions. This error can hardly be seen
in Figs. 13(b) and 14.

The stability of the two controllers is validated by means of
experiments with the sampling frequency of fs = 10 kHz. Fig.
15 shows a set of responses to stepwise changes in the grid
inductance Lg. The converter is supplying an active power of
0.6 p.u. to the grid. As in the analysis in Fig. 9(b), a very
weak grid (L̂g = 1 p.u.) is assumed in the control tuning
and the nominal control bandwidth of αc = 2π · 100 rad/s is
used. Fig. 15(a) shows a stepwise change in Lg from 1 p.u.
to 0.85 p.u. As can be seen, both measurement cases provide

stable operation. A stepwise change in Lg from 1 p.u. to 0.45
p.u. occurs in Fig. 15(b). As expected from Fig. 9(b), the
GCM case becomes unstable when Lg = 0.45 p.u., whereas
the CCM case provides stable operation. Further, Fig. 15(c)
shows a stepwise change in Lg from 0.45 p.u. to 0 in the CCM
case. When Lg drops to 0, the CCM case becomes unstable
also, as expected from Fig. 9(b). During unstable operation,
the converter voltage reaches the maximum available voltage.
As can be seen in Fig. 15(a), the CCM leads to better rejection
of the sixth harmonic component as compared to the GCM.

VI. CONCLUSION

This paper presented the stability analysis of the converter
and grid current measurement options for discrete-time state-
space control at different sampling frequencies and under
varying grid conditions, ranging from strong to very weak.
Equal reference-tracking performance is designed for both
cases under nominal conditions based on the direct pole-
placement method. Both measurement cases stabilize the sys-
tem independently of the ratio of the filter resonance frequency
to the sampling frequency under nominal conditions, i.e., the
state-space controller eliminates the fundamental limitation of
PI and PR controllers. Furthermore, with the assumption of
strong grid in the control tuning, both measurement cases
can provide stable operation for actual grid inductances of
0. . .1 p.u. when the resonance frequency of the system falls
below the critical resonance frequency. With high sampling
frequencies, the CCM case leads to better disturbance rejection
in comparison with the GCM case under both strong and weak
grid conditions. Furthermore, the CCM case provides faster
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reference tracking and better resonance damping in weak grids.
However, the GCM case is found out to be robust against grid
strength variations for a wider range of sampling frequencies
as compared to the CCM case.

APPENDIX A
DISCRETE-TIME PLANT MODEL

In synchronous dq-coordinates rotating at the grid angular
frequency ωg, a continuous-time model of the plant is

dxp

dt
=

−jωg − 1
Lfc

0
1
Cf

−jωg − 1
Cf

0 1
Lgt

−jωg


︸ ︷︷ ︸

Ap

xp+

 1
Lfc

0
0


︸ ︷︷ ︸

Bp

uc+

 0
0
− 1
Lgt


︸ ︷︷ ︸

Bep

eg

(22)
where xp = [ic,uf , ig]

T is the state vector. The PWM is mod-
eled as the zero-order hold (ZOH) in stationary coordinates,
and the currents are sampled synchronously with the ZOH.
Under these assumptions, the model (22) can be converted to
an exact hold-equivalent discrete-time model, whose system
matrices are [5]

Φp = eApTs Γp =

∫ Ts

0

eApτe−jωg(Ts−τ)dτ ·Bp

Γep =

∫ Ts

0

eApτdτ ·Bep. (23)

The closed-form expressions for these system matrices are
available in [5]. With the computational delay (2), the discrete-
time model for the plant shown in Fig. 1 is

x(k + 1) =

[
Φp Γp

0 0

]
︸ ︷︷ ︸

Φ

x(k) +

[
0
γ

]
︸︷︷︸

Γ

uc,ref(k) +

[
Γep

0

]
︸ ︷︷ ︸

Γe

eg(k)

ig(k) =
[
0 0 1 0

]︸ ︷︷ ︸
Cg

x(k)

ic(k) =
[
1 0 0 0

]︸ ︷︷ ︸
Cc

x(k) (24)

where x = [ic,uf , ig,uc]
T is the state vector and γ = e−jωgTs

is the nonzero element in the input matrix Γ.

APPENDIX B
REDUCED-ORDER OBSERVER

The unknown states are estimated using a reduced-order
observer. Due to the integral action of the controller, the grid
voltage eg is considered as an unknown disturbance. Following
the standard approach [18], the reduced-order observer for the
GCM case becomes [12][

îc(k)
ûf(k)

]
=

[
φ̂11 φ̂12

φ̂21 φ̂22

] [
îc(k − 1)
ûf(k − 1)

]
+

[
φ̂13

φ̂23

]
ig(k − 1)

+

[
φ̂14

φ̂24

]
uc(k − 1) + Koeo(k)

eo(k) = ig(k)− φ̂31îc(k − 1)− φ̂32ûf(k − 1)

− φ̂33ig(k − 1)− φ̂34uc(k − 1) (25)

where Ko is the observer gain, eo is the estimation error of the
current, the elements φ̂ij refer to those of Φ̂, and the converter
voltage is obtained from uc(k) = e−jωgTsuc,ref(k − 1). The
state estimate for the state feedback is x̂ = [̂ic, ûf , ig,uc]

T.
The design of the observer in the CCM case is analogous

to that in the GCM case,[
ûf(k)

îg(k)

]
=

[
φ̂22 φ̂23

φ̂32 φ̂33

] [
ûf(k − 1)

îg(k − 1)

]
+

[
φ̂21

φ̂31

]
ic(k − 1)

+

[
φ̂24

φ̂34

]
uc(k − 1) + Koeo(k)

eo(k) = ic(k)− φ̂11ic(k − 1)− φ̂12ûf(k − 1)

− φ̂13îg(k − 1)− φ̂14uc(k − 1). (26)

The corresponding state estimate is x̂ = [ic, ûf , îg,uc]
T.
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feedback control of back-to-back converters based on differential and
common power concepts,” IEEE Trans. Ind. Electron., vol. 66, no. 11,
pp. 9045–9055, Nov. 2019.

[17] G. G. Koch, L. A. Maccari, R. C. L. F. Oliveira, and V. F. Montagner,
“Robust H∞ state feedback controllers based on linear matrix inequal-
ities applied to grid-connected converters,” IEEE Trans. Ind. Electron.,
vol. 66, no. 8, pp. 6021–6031, Aug. 2019.

[18] G. F. Franklin, D. Powell, and M. L. Workman, Digital Control of
Dynamic Systems, 3rd ed. Menlo Park, CA: Addison-Wesley, 1997.

[19] N. P. W. Strachan and D. Jovcic, “Stability of a variable-speed permanent
magnet wind generator with weak AC grids,” IEEE Trans. Power Del.,
vol. 25, no. 4, pp. 2779–2788, Oct. 2010.

[20] M. F. M. Arani and Y. A. R. I. Mohamed, “Analysis and performance
enhancement of vector-controlled VSC in HVDC links connected to very
weak grids,” IEEE Trans. Power Syst., vol. 32, no. 1, pp. 684–693, Jan.
2017.

[21] J. Z. Zhou, H. Ding, S. Fan, Y. Zhang, and A. M. Gole, “Impact of
short-circuit ratio and phase-locked-loop parameters on the small-signal
behavior of a VSC-HVDC converter,” IEEE Trans. Power Del., vol. 29,
no. 5, pp. 2287–2296, Oct. 2014.

[22] M. Liserre, R. Teodorescu, and F. Blaabjerg, “Stability of photovoltaic
and wind turbine grid-connected inverters for a large set of grid
impedance values,” IEEE Trans. Power Electron., vol. 21, no. 1, pp.
263–272, Jan. 2006.

[23] J. Wang, J. D. Yan, L. Jiang, and J. Zou, “Delay-dependent stability of
single-loop controlled grid-connected inverters with LCL filters,” IEEE
Trans. Power Electron., vol. 31, no. 1, pp. 743–757, Jan. 2016.

[24] C. Zou, B. Liu, S. Duan, and R. Li, “Influence of delay on system
stability and delay optimization of grid-connected inverters with LCL
filter,” IEEE Trans. Ind. Informat., vol. 10, no. 3, pp. 1775–1784, Aug.
2014.

[25] J. Dannehl, C. Wessels, and F. W. Fuchs, “Limitations of voltage-
oriented PI current control of grid-connected PWM rectifiers with LCL
filters,” IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 380–388, Feb.
2009.

[26] S. G. Parker, B. P. McGrath, and D. G. Holmes, “Regions of active
damping control for LCL filters,” IEEE Trans. Ind. Appl., vol. 50, no. 1,
pp. 424–432, Jan./Feb. 2014.

[27] X. Wang, F. Blaabjerg, and P. C. Loh, “Grid-current-feedback active
damping for LCL resonance in grid-connected voltage-source convert-
ers,” IEEE Trans. Power Electron., vol. 31, no. 1, pp. 213–223, Jan.
2016.

[28] Z. Xin, X. Wang, P. C. Loh, and F. Blaabjerg, “Grid-current-feedback
control for LCL-filtered grid converters with enhanced stability,” IEEE
Trans. Power Electron., vol. 32, no. 4, pp. 3216–3228, Apr. 2017.

[29] F. M. M. Rahman, J. Kukkola, V. Pirsto, M. Routimo, and M. Hinkkanen,
“State-space control for LCL filters: Comparison between the converter
and grid current measurements,” in Proc. IEEE Energy Convers. Congr.
Expo., Sep./Oct. 2019, pp. 1491–1498.

[30] Y. Peng, D. Vrancic, and R. Hanus, “Anti-windup, bumpless, and
conditioned transfer techniques for PID controllers,” IEEE Control Syst.
Mag., vol. 16, no. 4, pp. 48–57, Aug. 1996.

F. M. Mahafugur Rahman (Student Member,
IEEE) received the B.Sc.(Tech.) degree in electrical
and electronic engineering from the Chittagong Uni-
versity of Engineering and Technology, Chittagong,
Bangladesh, in 2011. He received the M.Sc.(Tech.)
degree in electronics and electrical engineering from
the Aalto University, Espoo, Finland, in 2016, where
he is currently working toward the D.Sc.(Tech.)
degree in electrical engineering.

His research interests include control of grid-
connected converters.

Ville Pirsto received the B.Sc.(Tech.) and
M.Sc.(Tech.) degrees in electrical engineering from
the Aalto University, Espoo, Finland, in 2017 and
2019, respectively, where he is currently working
toward the D.Sc.(Tech.) in electrical engineering.

His current research focuses on grid-connected
converters.

Jarno Kukkola received the B.Sc.(Tech.),
M.Sc.(Tech.), and D.Sc.(Tech.) degrees in electrical
engineering from the Aalto University, Espoo,
Finland, in 2010, 2012, and 2017, respectively.

He is currently a Postdoctoral Researcher with the
School of Electrical Engineering, Aalto University,
Espoo, Finland. His research interests include
control systems and grid-connected converters.

Mikko Routimo (Member, IEEE) received the
M.Sc.(Eng.), Lic.(Tech.), and D.Sc.(Tech.) degrees
in electrical engineering from Tampere University of
Technology, Tampere, Finland, in 2002, 2005, and
2009, respectively.

Since 2008, he has been with ABB Oy, Drives,
Helsinki, Finland, where he is currently a Principal
Engineer. Since 2017, he has also been a Professor
of Practice with the School of Electrical Engineer-
ing, Aalto University, Espoo, Finland. His research
interests include power electronics in power systems,

control of grid-connected converters, and electric drives.

Marko Hinkkanen (Senior Member, IEEE) re-
ceived the M.Sc.(Eng.) and D.Sc.(Tech.) degrees in
electrical engineering from the Helsinki University
of Technology, Espoo, Finland, in 2000 and 2004,
respectively.

He is currently an Associate Professor with the
School of Electrical Engineering, Aalto University,
Espoo, Finland. His research interests include con-
trol systems, electric drives, and power convert-
ers.

Dr. Hinkkanen was the corecipient of the 2016
International Conference on Electrical Machines (ICEM) Brian J. Chalmers
Best Paper Award, the 2016 and 2018 IEEE Industry Applications Society
Industrial Drives Committee Best Paper Awards, and the 2020 SEMIKRON
Innovation Award. He is an Associate Editor for the IEEE TRANSACTIONS
ON ENERGY CONVERSION and the IET Electric Power Applications.


	IEEE_set_phrase_2020
	TIA_2019_IPCC_1606

