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Abstract—Single-phase grid-connected inverters are widely used
to connect small-scale distributed renewable resources to the grid.
However, unlike a three-phase system, control for a single-phase
inverter is more challenging, especially when the inverter is used
with an LCL filter. This paper proposes a novel recurrent neu-
ral network-based vector control method for a single-phase in-
verter with an LCL filter. The neural network is trained based
on adaptive dynamic programming principle, and the objective of
the training is to approximate optimal control. The Levenberg–
Marquardt plus forward accumulation through time algorithm
is developed for training the proposed recurrent neural network
controller. The neural network vector control approach is com-
pared with the conventional control methods, including the con-
ventional PI-based vector control method and the PR-based con-
trol technique for single-phase inverters. Both the simulations and
hardware experiments demonstrate the great advantages of the
proposed neural network vector control over the conventional
control methods. Compared with conventional control methods,
the neural network control allows for low sampling rate and low
switching frequency, while maintaining high performance in con-
trolling a single-phase inverter. In addition, no specific damping
policy is required to implement the proposed neural network vec-
tor control for an LCL-filter based single-phase inverter. The study
shows that the neural network vector control is a robust control
method, and can provide better control performance even when
facing system parameter changes, while under this case, both the
conventional PI-based vector control and the PR-based control
failed to yield the acceptable results.

Index Terms—Approximate optimal control, forward
accumulation through time, LCL filter, Levenberg–Marquardt,
proportional resonant control, recurrent neural networks,
single-phase inverter, vector control.

I. INTRODUCTION

S INGLE-PHASE grid-connected inverters are playing an in-
creasingly important role as the interface between renew-

able energy sources and the utility grid [1]–[4], especially in
small scale photovoltaic applications. In existing technologies,
the primary technologies for control of a single-phase inverter
include PI-based vector control approach and PR-based control
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method. The PI-based vector control approach has been widely
used to control three-phase grid-connected inverters [5], [6],
due to its great advantages. However, to apply vector control
to a single-phase grid-connected inverter, an imaginary circuit
needs to be created. Many researchers have investigated on how
to create the imaginary circuit. Zhang et al. [7] proposed to
delay the real circuit variables by a quarter cycle of the fun-
damental period. However, disadvantage of this method is that
it would cause a delay of the system, thereby deteriorating the
dynamic response of the system. Roshan et al. [8] used differen-
tiation to create the imaginary circuit to avoid the delay. But, the
performance of the differentiation approach can be deteriorated
significantly under distorted grid voltage conditions. Bahrani
et al. [9] developed a fictive-axis emulation technique to create
the imaginary circuit with a fictive axis running concurrently
with the real circuit, which helps improve the poor dynamics of
the conventional approaches.

The conventional PI-based vector control for a single-phase
LCL filter-based grid-connected converter (GCC) is equivalent
to that for a three-phase LCL-based GCC by neglecting the ca-
pacitor. This kind of simplification would result in an imprecise
description of an LCL inverter system and potential oscilla-
tory and/or unstable dynamic behavior if the LCL filter or the
controller is not properly damped [6], [10]. Passive damping
methods (see [11]) cause a decrease of the overall system ef-
ficiency because of the associated power losses, while Active
damping (AD) methods (see [12], [13]) are more selective to
parameter uncertainties [14].

For a single-phase GCC, it would be much more challenging
to implement the vector control due the imaginary circuit issue.
As a result, lots of research has been done on the proportional
resonant (PR) control (see [3], [15], [16]) for single phase GCCs,
which does not need to create the imaginary circuit and the
controller is based on PR controller instead of PI controller.
However, this kind of control strategy generally requires very
high sampling frequency (e.g., 15 kHz) and switching frequency
(e.g., 15 kHz) in [3]. In general, high switching frequency tends
to cause more energy loss.

In recent years, significant research has been conducted in
the area of dynamic programming (DP) [17] for optimal control
of nonlinear systems [18]. Adaptive critic designs constitute
a class of approximate dynamic programming (ADP) meth-
ods that use the incremental optimization techniques combined
with parametric structures to approximate the optimal cost and
control of a system [19], [20]. In [21], both heuristic dynamic
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Fig. 1. Schematic of a single-phase LCL-GCC.

programming and dual heuristic programming have been used
to control a turbogenerator. In [22], an ADP-based neural
network (NN) controller is trained and used to control a three-
phase L-filter-based GCC system [22], [23], which demonstrated
an excellent performance compared to a conventional vector
controller.

However, no research has been conducted on vector control
of a single-phase LCL-filter-based inverter using an ADP-based
neural network. The purpose of this paper is to investigate a NN
vector control method for the optimal vector control of a single-
phase LCL-filter-based inverter, and compare it with conven-
tional PI-based vector control and PR-based control methods.
The special features and contributions of the paper include:
1) An approach to implement optimal vector control for the
single-phase LCL-GCC by using an artificial NN, 2) a mecha-
nism to train the NN controller by using a novel Levenberg–
Marquardt (LM) + Forward Accumulation Through Time
(FATT) algorithm, 3) investigation and comparison of the NN
vector controller with the conventional vector controller and
the PR controller, and 4) hardware experiment implementation,
validation, and comparison.

The rest of the paper is structured as follows. The conven-
tional PI based vector control and PR based control methods for
a single-phase LCL-filter-based inverter system are presented in
Section II. Section III explains the proposed NN vector control
topology for a single-phase LCL-filter-based inverter. How to
train the NN vector controller is discussed in Section IV. Section
V investigates the performance of the NN controller, and com-
pares it with the conventional controllers in power converter
switching environment. Section VI presents hardware experi-
ment validation and comparison of the NN vector control, the
conventional vector control and the PR control. Finally, the pa-
per concludes with summary remarks in Section VII.

II. SINGLE PHASE LCL-GCC AND ITS CONVENTIONAL

CONTROL APPROACHES

A. Single Phase LCL-GCC

Fig. 1 shows the schematic of a single-phase LCL-GCC, in
which a dc-link capacitor is on the left, an LCL filter is placed
in the middle, and a single-phase voltage source, representing
the voltage at the point of common coupling (PCC) of the ac
system, is on the right [2], [3].

Using the motor sign convention (i.e., the power flowing into
the GCC as positive), the voltage balance across the grid-side in-
ductor, the voltage balance across the inverter-side inductor, and

the current balance across the LCL capacitor can be expressed
as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vg = Rgig + Lg
dig
dt

+ vc

vc = Rcidc1 + Lc
didc1

dt
+ vdc1

ig = idc1 + C
dvc

dt

(1)

where Rg , Lg , Rc , Lc , C, vg , vc , vdc1 , ig , and idc1 represent
the grid-side resistor, the grid-side inductor, the converter-side
resistor, the converter-side inductor, the parallel capacitor, the
grid voltage, the capacitor voltage, the converter voltage, the
grid current, and the converter-side current, respectively.

B. Proportional Resonant Control

The configuration of the typical PR Control for a single-
phase inverter consists of an outer-loop controller and an inner
current loop controller. The outer-loop controller utilizes the PI
controller to control the dc-link voltage or PCC active power
and PCC reactive power, respectively. To achieve this, the PCC
current, ig (t) = Im cos(ωt − φ) (Im stands for the amplitude of
ig (t)), is normally expressed as one in-phase current component
iP (t) plus one out-of-phase current component iQ (t) as

ip(t) = Im cos(φ)
︸ ︷︷ ︸

IP

cos(ωt), ip(t) = Im sin(φ)
︸ ︷︷ ︸

IQ

sin(ωt) (2)

Then, the control of PCC active and reactive power can be
achieved through the control of iP (t) and iQ (t) [24] or IP and
IQ , respectively.

The inner current loop controller assures that the reference
current ig ref (t) = IP ref cos(t) + IQ ref sin(t) generated by the
outer-loop controller is followed through a PR controller. For the
effective tracking of instantaneous reference current waveform
ig ref (t), a fast switching frequency is usually needed for the
PR-controlled GCC [3], which would increase the loss of the
converter. Another challenge associated with the PR controlled
GCC is that the control of ig (t) at the PCC has to be achieved
indirectly through the control of idc1(t), which would affect the
effectiveness of the active and reactive power control at the PCC.

Fig. 2 depicts the standard PR control configuration for a
single-phase LCL-GCC. The current error ei is supplied to the
parallel connection of a PR controller and a harmonic compen-
sator. Note that the inverter current idc1 is measured instead of
the grid current [3], [15], [16].

The Laplace transform of the PR controller is

GPR(s) = Kp +
2Krs

s2 + ω2
s

, ωs = 2πfs (3)

where Kp is the proportional gain, and Kr is the gain for the
generalized integrator 2s

s2 +ω 2
o

, which is also a bandpass filter
tuned to resonate at the grid frequency fs . The harmonic com-
pensator is formed by several bandpass filters (4) which are
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Fig. 2. Standard PR control configuration for a single-phase LCL-GCC.

Fig. 3. Creating the imaginary circuit based on real circuit of the single-phase
LCL-GCC.

tuned to resonate at the desired harmonic frequency nωo

Hc(s) =
h∑

n=3

Kns

s2 + (nωs)2 (4)

where n = 3, 4, . . ., h and h is the highest current harmonic
component to be attenuated.

C. Decoupled Vector Control

The conventional decoupled vector control method for a
single-phase LCL-GCC is similar to that for a three-phase LCL-
GCC [7]. The only difference is that an imaginary orthogonal
circuit needs to be created based on the real circuit to implement
the vector control.

The current and voltage variables in the imaginary circuit
should have exactly the same amplitude as those in the the real
circuit (shown as Fig. 3) but π/2 phase shift. Thus, correspond-
ing to the α-axis (1), the imaginary or β-axis voltage and current
equations are

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v∗
g = Rgi

∗
g + Lg

di∗g
dt

+ v∗
c

v∗
c = Rci

∗
dc1 + Lc

di∗dc1

dt
+ v∗

dc1

i∗g = i∗dc1 + C
dv∗

c

dt

(5)

where, v∗
g , v∗

c , v∗
dc1 , i∗g , and i∗dc1 stand for the grid voltage, the

capacitor voltage, the converter voltage, the grid current, and
the converter-side current in the imaginary circuit, respectively.
Further, v∗

g = vge
−π/2 , i∗g = ig e

−π/2 , etc. The real and imagi-
nary circuits together constitute the α-β frame of the LCL-GCC
system, which can be transferred into the d-q frame using the
transformation matrix T (6) [7]. Also, the inverse transforma-
tion matrix from d-q frame to α-β frame is just inverse of matrix
T [7]

T =

⎡

⎣
cos(ωt) sin(ωt)

−sin(ωt) cos(ωt)

⎤

⎦ (6)

Omitting the capacitance impact [5], the vector control for
LCL-GCCs takes exactly the same policy as that for L-GCCs.
Thus in the α-β frame, the single-phase LCL-GCC (1) and (5)
are simplified into

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

vg = (Rc + Rg )ig + (Lc + Lg )
dig
dt

+ vdc1

v∗
g = (Rc + Rg )i∗g + (Lc + Lg )

di∗g
dt

+ v∗
dc1

(7)

Further, after applying the transformation matrix T to (7), (8)
gives the equations in d-q frame that are used to design current
control loop of the simplified single-phase LCL-GCCs
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

vd1=−
[

(Rc + Rg )id +(Lc +Lg )
did
dt

]

︸ ︷︷ ︸
v
′
d

+ωs(Lc +Lg )iq +vd

vq1=−
[

(Rc + Rg )iq +(Lc + Lg )
diq
dt

]

︸ ︷︷ ︸
v ′

q

−ωs(Lc +Lg )id

(8)
in which, those items v

′
d and v

′
q in brackets are utilized to design

PI controllers for the d- and q-axis loops, and the other terms are
treated as compensation items. The corresponding relationships
of all the variables between d-q domain and the α-β domain are
the following: ig ,i∗g ↔ id ,iq , vg ,v∗

g ↔ vd ,vq , vdc1 , and v∗
dc1 ↔

vd1 ,vq1 . Fig. 4 illustrates the details of the d- and q-axis control
loops for single-phase LCL-GCCs.



FU AND LI: CONTROL OF SINGLE-PHASE GRID-CONNECTED CONVERTERS WITH LCL FILTERS USING RECURRENT NEURAL NETWORK 5357

Fig. 4. Decoupled vector control for single-phase LCL-GCCs.

However, this simplification from LCL-GCCs to L-GCCs
would result in imprecise description of the system and po-
tential oscillatory and/or unstable dynamic behavior, if the LCL
filter or the controller is not properly damped [6], [10].

III. NOVEL RNN-BASED VECTOR CONTROL

The proposed NN vector control architecture for a single-
phase LCL-GCC is shown by Fig. 5. The controller has a
nested-loop structure, consisting of a slow outer loop and a
fast inner loop [25], [26]. The NN implements the fast inner
current-loop control function. The outer control loops still uti-
lize PI controllers. In the PCC voltage-oriented frame [10], the
d-axis loop is used for active power or dc-link voltage control,
and the q-axis loop is used for the reactive power or grid volt-
age support control as shown in Fig. 5. In Fig. 5, v∗

d1 and v∗
q1

are d- and q-axis voltages from the NN controller. v∗
α1 and v∗

β1
are control voltage signals in α-β frame.

The proposed current-loop NN controller contains two parts:
input preprocessing block and a four-layer feed-forward NN.
To avoid input saturation, the inputs are regulated to the range
[−1, 1] through a preprocessing procedure. The inputs to the
feed-forward NN are tanh(−→edq/Gain) and tanh(−→sdq/Gain2),
where −→edq and −→sdq are error terms and integrals of the error
terms. The calculation of −→edq and −→sdq is the same as that for a
general PI controller. The feed-forward NN contains two hidden
layers of six nodes each, and two output nodes, with hyperbolic
tangent functions at all nodes.

The NN current-loop controller can be denoted as
R(−→edq ,

−→sdq ,
−→w ), which is a function of −→edq , −→sdq , and network

weights −→w . As the ratio of the converter output voltage −−→vdq1

to the outputs of the current loop controller
−−→
v∗

dq1 is the gain of
the pulse-width-modulation (PWM) which is denoted as kPWM
[24], the control action −−→vdq1 is then expressed by

−−→vdq1 = kPWM
−−→
v∗

dq1 = kPWMR(−→edq ,
−→sdq ,

−→w ) (9)

Even though the feed-forward network in Fig. 6 does not
have a feedback connection, the proposed NN controller shown
in Fig. 5 actually is a recurrent neural network (RNN), because
the feedback signal of the system acts as a recurrent network
connection from the output of the NN and back to the input.The
NN controller can be considered as a “super-PI” controller,
which can be applied to an existing system without any other
changes of system configuration or hardware interface.

IV. TRAINING RNN CONTROLLER

A. State Space Model of LCL-GCC in d-q Frame

Equation (10) describes the system equation of an LCL-GCC
[14], which will be used for NN training

d

dt

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

id

iq

idc d1

idc q 1

vcd

vcq

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−Rg

Lg

ωs 0 0 − 1
Lg

0

−ωs −Rg 3

Lg

0 0 0 − 1
Lg

0 0 −Rc

Lc

ωs
1
Lc

0

0 0 −ωs −Rc

Lc

0
1
Lc

1
C

0 − 1
C

0 0 ωs

0
1
C

0 − 1
C

−ωs 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

id

iq

idc d1

idc q 1

vcd

vcq

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

+

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
Lg

0 0 0 0 0

0
1

Lg

0 0 0 0

0 0 − 1
Lc

0 0 0

0 0 0 − 1
Lc

0 0

0 0 0 0 0 0

0 0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

×

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

vd

vq

v
d 1

vq 1

0

0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(10)

where ωs is the angular frequency of the grid voltage, all other
symbols are consistent with those shown in Fig. 1. The corre-
sponding relationships of all the variables between d-q domain
and the single-phase circuit domain are the following: ig ,i∗g
↔ id ,iq , idc1 ,i∗dc1 ↔ idc d1 ,idc q1 , vg ,v∗

g ↔ vd ,vq , vdc1 ,v∗
dc1 ↔

v
d 1 ,v

q 1 , and vc ,v∗
c ↔ vcd ,vcq .

For implementation of the RNN-based digital controller as
presented in Section III, the continuous state space model (10)
needs to be transferred into the equivalent discrete model (11)
through either a zero-order or first-order hold discrete equivalent
mechanism [27]

−−→
idqs(k + 1) = A

−−→
idqs(k) + B−−→udqs(k) (11)

in which,
−−→
idqs and −−→udqs represent [id , iq , id1 , iq1 , vcd , vcq ]

′
and

[vd, vq , vd1 , vq1 , 0, 0]
′
, respectively; A stands for system matrix

and B is the input matrix.
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Fig. 5. RNN based vector control for single-phase LCL-GCCs.

Fig. 6. RNN controller structure.

Note that in (10) and (11), vd1 and vq1 are control actions
from current controller, while id and iq are the grid currents that
need to be controlled.

B. Training Objective: Approximate Optimal Control

Dynamic programming employs the principle of Bellman’s
optimality [17], and is a very useful tool for solving the op-
timization and optimal control problems. The typical struc-
ture of the discrete-time DP includes a discrete-time system
model and a performance index or cost associated with the
system [19].

The DP cost function associated with the LCL-GCC system
is defined as

Cdp=
∞∑

k=j

γk−jU(−→edq(k))

=
∞∑

k=j

γk−j
√

[id(k)−id ref (k)]2+[iq (k)−iq ref (k)]2 (12)

where j denotes the starting point and generally j > 0 , γ is
a discount factor with 0< γ ≤ 1, and U is called local cost or
utility function. The function Cdp , depending on the initial time

j and the initial state
−→
idq(j), is referred to as the cost-to-go of

state
−→
idq(j) of the DP problem. The objective of the training is to

find an optimal trajectory of control action −−→vdq1 that minimizes

the DP cost Cdp in (12). As the control action −−→vdq1 completely
depends on the RNN current controller, the objective actually
means finding the best NN weight−→w to approximate the optimal
control.

C. RNN Training Algorithm: Levenberg–Marquardt +
Forward Accumulation Through Time

We chose to use the LM algorithm to train an RNN because
LM appears to be the fastest NN training algorithm for a mod-
erate number of network parameters [28]. To implement LM
training, the cost function defined in (12) needs to be rewritten
in a sum-of-squares form. Consider the cost function Cdp with
γ = 1, j = 1 and k = 1, · · · , N , then it can be written in the
form

Cdp=
N∑

k=1

U(−→edq(k))
defV (k)=

√
U (−−→ed q (k))

<=============>Cdp=
N∑

k=1

V 2(k)

(13)

and the gradient ∂Cd p
∂w can be written in a matrix product form

∂Cdp

∂−→w =
N∑

k=1

V (k)
∂V (k)
∂−→w = 2Jv (−→w )T V (14)

in which, the Jacobian matrix Jv (−→w ) is

Jv (w) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂V (1)
∂w1

· · · ∂V (1)
∂wM

...
. . .

...

∂V (N)
∂w1

· · · ∂V (N)
∂wM

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, V =

⎡

⎢
⎢
⎢
⎢
⎣

V (1)

...

V (N)

⎤

⎥
⎥
⎥
⎥
⎦

(15)

Therefore, the weights update by using LM [28]–[30] for an
RNN controller can be expressed as

	−→w = −[Jv (−→w )T Jv (−→w ) + μI]−1Jv (−→w )T V (16)

In order to find Jacobian matrix Jv (−→w ), FATT is used in this
paper for an LCL-GCC system, which incorporates the proce-
dures of unrolling the system, calculating the derivatives of the
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TABLE I
HARDWARE EXPERIMENT TEST SYSTEM PARAMETERS

Symbol Quantity Value Unit

Vg nominal grid voltage (rms) 120 V
f nominal grid frequency 60 Hz
Vdc DC-link voltage 250 V
Cdc DC-link capacitance 3260 μF
Lc LCL-filter converter-side inductor 12.5 mH
Rc LCL-filter converter-side resistor 0.125 Ω
C LCL-filter parallel capacitor 2.2 μF
RC i n LCL-filter capacitor internal resistance 3 Ω
Lg LCL-filter grid-side inductor 12.5 mH
Rg LCL-filter grid-side resistor 0.125 Ω

Fig. 7. Neural network controller learning curve.

Jacobian matrix, and calculating the DP cost into one single
process for each training epoch [31], [32].

D. Training Implementation

Besides the LM+FATT algorithm shown in Section IV-C, we
also used the following policies in the training:

1) l trajectories were used to train the RNN. l was generally
chosen as 10;

2) the initial current state
−→
idq(0) for each trajectory was gen-

erated randomly;
3) the d-q reference current for each trajectory was generated

randomly and was changed every 0.1 s;
4) the initial weights −→w of the RNN were generated ran-

domly;
5) the sampling time was chosen as Ts = 1 ms and the

duration of each trajectory was set as 1 s.
The training of the NN controller could be also implemented

considering the system parameter changes, e.g., the induc-
tance can be varied for different trajectories or after a certain
time period within each trajectory. The change of the inductance
will cause the recalculation of the system (10) and (11). As a
well-trained NN controller can tolerate a wide range of system
parameter change (see [32]), this policy was not adopted in this
paper.

Table I specifies the LCL-GCC system parameters.
Fig. 7 shows the learning curve for a successful training of

the NN controller. The average DP cost per trajectory drops to a
small value very quickly within 100 iterations and is stabilized
at this value, demonstrating a good convergence result of the
LM training algorithm.

V. PERFORMANCE EVALUATION

To evaluate the performance of the proposed NN vector
controller and compare it with PR control and conventional

Fig. 8. Simulink model of a single-phase LCL-GCC using conventional de-
coupled vector control and novel NN vector control.

Fig. 9. Simulink model of a single-phase LCL-GCC using PR control.

vector control, integrated transient simulation systems of the
single-phase LCL-GCC systems in the STATCOM applications
were developed by using SimPowerSystems in Matlab. Fig. 8
shows the Simulink model of a single-phase LCL-GCC using
conventional decoupled vector control and novel NN vector
control.

The Simulink model of a single-phase LCL-GCC using
PR control is demonstrated by Fig. 9. Note that in order to
keep the direction of current the same as that in NN control
and convention vector control, the direction of the measured
inverter current is the opposite to that in Fig. 2, ei =idc1-idc1 ref .
For PR control, the inverter current is measured in general, while
for vector control, the grid current is sensed.

A. Controller Design

The PI parameters of the current-loop controller for the con-
ventional vector control method was tuned by PID tuner function
within the PID controller block in MATLAB. Phase margin was
set as 60º and the bandwidth was chosen as 1500 rad/s, which
tends to yield the best results considering the PWM saturation
constraints. To overcome resonance phenomenon of the LCL
filter, AD method was adopted in developing conventional vec-
tor control [33]. A low-pass filter is added to the output of the
current-loop controller [34] at the resonance frequency [35]

fr =
1
2π

√
Lg + Lc

LgLcC
(17)

For the NN vector control, the NN current controller was
trained using the LM+FATT algorithm described in Section IV.
As the NN controller behaves naturally like a low-pass filter ,
no special damping policy is required to overcome the resonant
problem [32].

The dc-link voltage control is developed based on the prin-
ciple of the power balance [25] and the tuning for the dc-link
voltage PI controller is similar to that for the current-loop con-
troller. Phase margin was set as 60º. The bandwidth was chosen
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Fig. 10. Current tracking comparisons between conventional vector control
and NN vector control. (a) Conventional vector control. (b) NN vector control.
(c) Conventional vector control. (d) NN vector control.

as 4 rad/s because any bandwidth larger than 4 rad/s failed to
maintain the dc-link voltage constant in all hardware experi-
ments using the conventional vector control. To be fair for com-
parison, the bandwidth 4 rad/s was used also for the NN vector
control.

For the PR control, the controller design followed the sugges-
tions from [3], [15], [16]. Also, to be fair for comparison, the
same PI parameters were used for the dc-link voltage control.

B. Performance Comparisons

If not specified, Ts = 0.1 ms was used in all simulations of
Section V. Switching frequency fs = 3000 Hz was used.

Fig. 10 compares the current tracking ability between conven-
tional vector control and NN vector control. The NN controller
[see Fig. 10(b)] provides faster response speed than the con-
ventional vector controller [see Fig. 10(a)]. More importantly,
the NN control shows smaller oscillations. Because the grid
frequency f = 60 Hz, this causes the rounding error when
determining how many cycles (= 1

4f Ts
) need to be delayed

for generating the imaginary circuit. Thus, this rounding
error caused the big oscillation using conventional vector con-
trol; however, the NN control can still provide acceptable

Fig. 11. Control performance comparisons between conventional vector con-
trol and NN vector control with implementation delays. (a) Conventional vector.
(b) NN vector control.

performance. The single-phase current waveforms [see
Figs. 10(c) and (d)] further demonstrates the good tracking per-
formance of the NN controller.

Delays were added to the controller output to evaluate the NN
controller performance further. Fig. 11 shows the performance
between conventional vector control and NN vector control with
3Ts delays added. As the PR control does not have d-q currents,
the comparison does not contain the results of the PR control.
The NN control [see Fig. 11(b)] still performs well, while the
conventional vector control [see Fig. 11(a)] has already lost the
stability. In our tests, the NN control was significantly affected
only until 9Ts delays were added to the controller output. In
reality, this large delay is rare. Even though the delay is not
considered in the design and training of the NN controller, the
NN controller still performs well, demonstrating its robustness.

As the same parameters were used for the outer voltage loop
PI controllers, the dc-link voltage tracking performance are ex-
actly the same (12) for all three control methods.

For the inner current loop, the regulated current ig are almost
the same, however, the current under conventional vector control
has slight oscillations [see Fig. 13(b)].

Compared to the conventional vector control, the NN vec-
tor control is a damping free technique, i.e., it does not need
any special damping policies [see Fig. 13(c)]. Basically, all
three control methods provide very good control performance
in simulations; however whether they still can perform well in
hardware experiments needs to be tested further.

VI. HARDWARE EXPERIMENT VALIDATION

A. Experiment Setup

A hardware laboratory test system for a single-phase LCL-
GCC in an STATCOM application was built to validate the
proposed NN vector control method corresponding to the sim-
ulations [see Figs. 8 and 9].

The hardware test system took the following setups: 1) an
ac/dc converter was connected to an adjustable LabVolt (see
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Fig. 12. Comparisons of dc-link voltage control. (a) PR control. (b) Conven-
tional vector control. (c) NN vector control.

[36]) single-phase power supply signifying the grid, 2) all filters
were built by using LabVolt smoothing inductors and LabVolt
capacitors, 3) the ac/dc converter was controlled by a dSPACE
(see [37]) digital control system, 4) the control system collected
the dc-link voltage and single-phase currents and voltages, and
sends out control signals to the converter according to various
control demands. Fig. 14 demonstrates an example of the hard-
ware laboratory testing system.

To start the experiment, the power source representing the grid
was first turned on and thus the dc-link capacitor was charged to
around 167 V. Then, the controller was started from the control
desk using the dSPACE. According to our laboratory experi-
ment experience, a NN controller trained offline does not need
to be retuned, while this is usually needed for a conventional
controller.

B. Tracking Performance Comparison

Fig. 15 shows the grid voltage waveform in the laboratory
and the grid voltage was distorted even before conducting the
experiment.

We also found that the voltage source has an unexpected
big internal inductance (around 50 mH). These uncertainties
brought the challenges for all three control methods.

The sampling time Ts = 0.1 ms was used for the conventional
vector control and the NN vector control. However, using sam-
pling time Ts = 0.1 ms for PR control failed the experiment. The
PR needs high sampling frequency, and it could succeed when
using the sampling time Ts = 0.02 ms. Note that using even
smaller sampling time Ts = 0.01 ms caused overrun problem

Fig. 13. Comparisons of grid current. (a) PR control. (b) Conventional vector
control. (c) NN vector control.

Fig. 14. Setup of hardware laboratory testing system.

Fig. 15. Distorted grid voltage.
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Fig. 16. NN vector control for single-phase LCL-GCC. (a) DC-link voltage.
(b) PCC q-axis current waveform. (c) Single-phase current waveform.

Fig. 17. Conventional vector control for single-phase LCL-GCC. (a) DC-link
voltage. (b) PCC q-axis current waveform. (c) Single-phase current waveform.

using dSPACE. Thus, the sampling time Ts = 0.02 ms was used
in all the experiments for the PR control.

Figs. 16–18 show the experiments for a single-phase LCL-
GCC under novel NN vector control, conventional vector con-
trol, and PR control, respectively. The switching frequency fs

= 3000 Hz were used in the experiments. Both the NN vec-
tor control and conventional vector control could maintain the
dc-link voltage more stable [see Figs. 16(a) and 17(a)] than the

Fig. 18. PR control for single-phase LCL-GCC. (a) DC-link voltage. (b)
single-phase current waveform. (c) single-phase current waveform.

Fig. 19. Current tracking comparison using PR control with different switch-
ing frequencies. (a) 3000 Hz. (b) 6000 Hz. (c) 10 000 Hz.

PR control [see Fig. 18(a)]. Moreover, the current waveform
demonstrated less oscillations under the NN vector control [see
Figs. 16(b) and (c)] than that under the conventional vector con-
trol [see Fig. 17(b) and (c)]. Actually, the PR control [Fig. 18]
performed much worse in the hardware experiment than in the
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Fig. 20. Current waveform comparison with C ∗ = 6.6 μF and fs = 3000 Hz.
(a) Single-phase current waveform using NN vector control. (b) Single-phase
current waveform using conventional vector control. (c) Single-phase current
waveform using PR control.

simulation (see Section V). The dc-link voltage see [Fig. 18(a)]
was not stable and the currents had very large oscillations [see
Fig. 18(b) and (c)].

To improve the performance of the PR control, a higher
switching frequency needs to be used. Fig. 19 shows the com-
parison results for the PR control with different switching fre-
quencies. When the switching frequency fs = 3000 Hz, the
current tracking performance [see Fig. 19(a)] was very poor.
When the switching frequency was increased to fs = 6000 Hz,
the current tracking performance became better [see Fig. 19(b)].
Even better performance could be got when using the switch-
ing frequency fs = 10 000 Hz [see Fig. 19(c)]. However, the
high switching frequency generally causes more energy loss.
Further, even using the switching frequency fs = 10000 Hz, the
PR control [Fig. 19(c)] still performed worse than both conven-
tional and RNN vector control methods [Figs. 16(c) and 17(c)].
This seems to be consistent with the results shown in previously
published articles [3], [15] in which the switching frequency
used for a PR controlled converter is usually 10 kHz or higher.

C. Robustness Analysis

The RNN vector control method was further evaluated by
considering system parameter changes. Fig. 20 shows the cur-
rent waveforms under three control methods when the parallel
capacitor was increased from 2.2 to 6.6 μF. The NN vector
control still can perform very well, providing the similar results
[see Fig. 20(a)] as that without the system parameter change [see
Fig. 16(c)]. The conventional vector control had more oscilla-

tions [see Fig. 20(b)] due to the problem of the AD method, as
it is more sensitive to system parameter change for AD method.
The PR control yielded the worst performance [see Fig. 20(c)]
among all three methods.

VII. CONCLUSION

This paper investigated a NN vector control method for a
single-phase LCL-filter based GCC. The NN controller imple-
ments the optimal control based on the DP principle. Both the
simulation evaluation and hardware experiment results demon-
strated that the NN control technique has superior performance
to the conventional control methods such as no requirement for
damping policies, better performance facing system parameter
change, and no need for high sampling and switching frequen-
cies which is normally needed for the PR control. Using the
NN vector control technique, the harmonics are significantly
reduced due to better control performance, which would benefit
the integration of small-scale single-phase renewable resources
to the grid.
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