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Reference-input-based Imaginary Axis Current
Estimation Method for DQ Control Strategy in

Single-phase PWM Converters
Lin Peng, Lei Ma, Member, IEEE, Wensheng Song, Member, IEEE, and Haoran Liu

Abstract—For dq control strategies in single-phase pulse width
modulation (PWM) converters, the β-axis current must be cre-
ated by imaginary axis current estimation (IACE) methods. The
estimated error of the β-axis current during the transient process
causes d-q axis current loops to be incompletely decoupled,
thereby affecting the dynamic performance of the current loop.
The second-order generalized integrator (SOGI) method suffers
from slow dynamic response. The fictive-axis emulation (FAE)
method provides fast dynamic response but it is sensitive to
circuit parameters. A reference-input (RI)-based IACE method
is proposed to overcome the above shortcomings. According to
the characteristic that the β-axis current loop has no transient
process, the β-axis current is estimated by the d-q axis reference
inputs. This is equivalent to introducing the β-axis reference
input as a feedforward term into the d-q axis current loop, so the
parameter sensitivity problem is solved, and the parameter tuning
is not needed. The proposed method can maintain good steady-
state performance and significantly improve the dynamic perfor-
mance of the current loop. Furthermore, it is straightforward and
can be easily implemented in digital controllers. Comprehensive
hardware-in-the-loop (HIL) experimental comparisons with the
SOGI and FAE methods have been conducted to verify the
correctness and effectiveness of the proposed RI-based IACE
method.

Index Terms—dq control, dynamic response, imaginary axis
current estimation (IACE), single-phase PWM converter.

I. INTRODUCTION

H IGH power electric traction drive systems powered by
single-phase AC power supplies are widely utilized in

electric locomotive and electric multiple units (EMUs). The
typical structure of EMUs is shown in Fig. 1, which includes
a pantograph, a transformer, grid-side converters, traction
inverters, and induction motors [1]. Nowadays, single-phase
pulse width modulation (PWM) converters are the best choice
for the grid-side converter due to their salient features such
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Fig. 1. Structure of high-power electric traction drive system.

as energy bidirectional flow, low current harmonics, and high-
power factor [2]–[4].

Single-phase PWM converters are controlled by a classical
dual closed-loop system composed of a voltage outer-loop and
current inner-loop [5]. To achieve a sinusoidal line current
with low harmonic distortion, various current control strategies
have been proposed, such as hysteresis current control [6],
proportional-resonant (PR)- and proportional-integral (PI)-
based control [7]–[10], and predictive control [11]–[14]. Based
on the reference frame adopted in the controller design, current
control strategies can be divided into two categories: 1) sta-
tionary reference frame control [6]–[9]. 2) direct-quadrature
(dq) synchronous reference frame control [10]–[17], [21]–
[25], also referred to as dq control. For dq control strategies,
AC sinusoidal signals are converted into DC signals using
Park (αβ-dq) transformation. This is easy to realize indirect
active (d-axis) and reactive (q-axis) current control, lower total
harmonic distortion (THD), and zero steady-state error. Thus,
dq control has been widely applied in PWM converters of
electric traction drive systems [21], [23]–[25].

To achieve dq control in single-phase systems, β-axis sig-
nals must be created to establish the two-phase (αβ) stationary
frame to implement the αβ-dq transformation [26]. dq control
strategies generally assume that d-q axis current loops are
completely decoupled. However, due to the β-axis current
estimation error, d-q axis current loops are incompletely
decoupled during the transient process, which may cause the
dynamic performance of the current loop to worsen [22].
In practical applications, electric traction drive systems need
good steady-state performance and faster dynamic response to
deal with frequent switching between light and heavy loads.
Therefore, the performance of the imaginary axis current
estimation (IACE) method is vital.

Diverse techniques are employed to estimate the β-axis
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current, such as transport delay [15], Hilbert transforma-
tion [16], all-pass filter [17], second-order generalized in-
tegrator (SOGI) [14], [18]–[21], and fictive-axis emulation
(FAE) [22]. Transport delay is simple to implement, but has
poor dynamic performance and large storage space require-
ments, so it is generally used in low-power applications.
Hilbert transformation is very sensitive to input disturbances
and frequency fluctuation. An all-pass filter requires a large
amount of calculation and its dynamic response is slow. SOGI
has good performance and is easily implemented in digital
controllers, which provides two types of filters with 0 dB
gain at the fundamental frequency. The band-pass filter is
used to obtain the fundamental component of the input signal.
The low-pass filter (LPF) is used to obtain the quadrature
component of the input signal, which belongs to a popular
quadrature signal generation (QSG) technology. SOGI is a
good choice for obtaining the quadrature component of the
grid-side voltage, but its dynamic response is still slower for
the current loop. FAE is used to calculate the β-axis estimated
current through the β-axis closed-loop of the real system.
Compared with SOGI, FAE delivers faster dynamic perfor-
mance and is easier to understand, but it has the disadvantage
of parameter sensitivity [22].

To overcome the shortcomings of conventional IACE meth-
ods and improve the dynamic performance of the current
loop, a reference-input (RI)-based IACE method is proposed
in this paper. The major contributions are as follows. First,
the incomplete decoupling model of the current loop in the dq
frame is given. Second, according to the analysis of this model,
it is concluded that IACE methods will affect the dynamic
performance of the current loop. Third, the β-axis current is
estimated by the d-q axis reference inputs according to the
characteristic that the β-axis current loop has no transient
process. This is equivalent to introducing the β-axis reference
current as a feedforward term into the d-q axis current loop,
thereby reducing the settling time of the current loop and
suppressing the overshoot of the line current. The proposed
method is not only insensitive to circuit parameters but also
does not need parameter tuning. Furthermore, it is simple and
easily implemented in digital controllers.

The rest of this paper is organized as follows. In Section II,
the mathematical model of a single-phase PWM converter is
briefly reviewed, and an incomplete decoupling model of the
current loop in the dq frame is presented. The analysis shows
IACE methods primarily affect the dynamic performance of
the current loop. In Section III, the influence of the con-
ventional methods, such as SOGI and FAE on the dynamic
performance of the current loop, is analyzed based on the
incomplete decoupling model. The RI-based IACE method is
proposed in Section IV. Section V evaluates the performance
of the proposed method based on a hardware-in-the-loop (HIL)
simulation platform and compares it with SOGI and FAE
methods. The conclusion is presented in Section VI.

II. SYSTEM DESCRIPTION

A. Complete Decoupling Model of dq Current Control

The equivalent circuit topology of single-phase two-level

PWM converters in locomotive traction systems is illustrated
in Fig. 2 [23]–[25], where us and is are the grid-side voltage
and the line current, respectively.L and R are the equivalent
inductance and resistance of the grid-side, respectively. uab
is the input voltage of the H-bridge composed of four power
switching devices S1–S4.RL and Cd are the equivalent resis-
tance load and buffer capacitance of the DC-link, respectively.
The series resonance filter composed of the filter inductance
L2 and filter capacitor C2 is used to absorb the low-frequency
harmonic of the DC-link voltage udc.
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Fig. 2. Circuit topology of the adopted PWM converter.

The mathematical model in the dq frame of the adopted
system is expressed as [22]:[

uabd
uabq

]
=

[
usd
usq

]
−
[
R −ωL
ωL R

] [
isd
isq

]
− L

[disd
dt
disq
dt

]
(1)

where usd, isd and uabd are the d-axis components of us,
is, and uab, respectively. usq , isq and uabq are the q-axis
components of us, is and uab, respectively. ω is the funda-
mental angular frequency of us. There are typical coupling
terms ωLisq and −ωLisd in (1).

A voltage feedforward decoupling method was proposed
in [22] to realize dq decoupling control, and its mathematical
model is expressed as:[

uabd
uabq

]
=

[
usd
usq

]
+ ωL

[
isq
−isd

]
−Gc(s)

[
idref − isd
iqref − isq

]
(2)

where idref and iqref are the d-q axis reference inputs. usd/usq
and ωLisq/ − ωLisd are the feedforward terms, respectively.
Gc is the transfer function of the controller.

In dq decoupling control strategies, it is assumed that the
coupling terms in (1) can be eliminated by the feedforward
terms in (2) at any time, then the complete decoupling control
can be achieved [10]–[17], [21]–[25]. Substituting (2) into (1),
the transfer function of the adopted system is derived as:

P (s) =
1

Ls+R
(3)

Combining (1)–(3), the block diagram of the current loop
with the complete decoupling model is shown in Fig. 3, and
its closed-loop transfer function Go(s) is:

Go(s) =
isd(s)

idref(s)
=

isq(s)

iqref(s)
=

Gc(s)P (s)

1 +Gc(s)P (s)
(4)

B. Incomplete Decoupling Model of dq Current Control

Due to the estimation error of β-axis signals, the coupling
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Fig. 3. Block diagram of the current loop with complete decoupling model.

terms in (1) cannot be completely eliminated by the feedfor-
ward terms in (2), especially in the transient process [22].
Considering that the grid-side voltage us is the reference
vector, usd and usq can be expressed as:{

usd = usm

usq = 0
(5)

where usm is the peak value of us.
Since the fundamental frequency of us is much smaller

than the switching frequency, usd and usq can be regarded
as constants in one switching period. Furthermore, from (1)
and (2), usd and usq are not coupled. Therefore, usd and usq
in (1) and (2) can be eliminated by the voltage feedforward
method. However, the d-q axis currents isd and isq in (1)
and (2) are coupled so that they will affect each other. When
the β-axis current estimation error is large, the influence of
the estimation error of the β-axis current on the current loop
cannot be ignored.

Assume that the d-q axis estimated currents in (2) are ised
and iseq , while the actual currents in (1) are represented by isd
and isq , respectively. Equation (2) can then be expressed as:[

uabd
uabq

]
=

[
usd
usq

]
+ ωL

[
iseq
−ised

]
−Gc(s)

[
idref − ised
iqref − iseq

]
(6)

Combining (1), (3)–(6) and then simplifying, the incomplete
decoupling model of the current loop is derived as:[

ised
iseq

]
= Go(s)

[
idref
iqref

]
+Gδ(s)

[
δiq(s)
δid(s)

]
+Gδ1(s)

[
idref − ised
iqref − iseq

]
(7)

where δid and δiq are disturbances caused by d-q axis current
errors. Gδ is the closed-loop transfer function from distur-
bances (δiq/δid) to the estimated current (ised/iseq). Gδ1 is
the closed-loop transfer function from the errors (idref −
ised/iqref−iseq) between the reference inputs and the estimated
currents to the estimated current (ised/iseq).
δid, δiq , Gδ , and Gδ1 in (7) are defined as:

δid = −ωL(isd − ised)
δiq = ωL(isq − iseq)

Gδ(s) =
ised(s)

δiq(s)
=
iseq(s)

δid(s)
=

P (s)

1 +Gc(s)P (s)

Gδ1(s) =
ised(s)

idref − ised
=

iseq(s)

iqref − iseq
=

1

1 +Gc(s)P (s)
(8)

It is reasonable to assume that a stabilizing controller Gc

exists and provides a fast-dynamic response, and the adopted
IACE method has good stead-stated performance. Then, the

gain of Gδ1 in (8) will be much smaller than 0 dB, the terms
in (7) related to Gδ1 can be ignored, so (7) can be simplified as:[

ised(s)
iseq(s)

]
= Go(s)

[
idref(s)
idref(s)

]
+Gδ(s)

[
δiq(s)
δid(s)

]
(9)

The block diagram of the current loop with the incomplete
decoupling model is illustrated in Fig. 4.

idref

iqref iseq

ised
Gc(s) P(s)

P(s)Gc(s)

δiq

δid

Fig. 4. Block diagram of the current loop with incomplete decoupling model.

Similarly, the gain of Gδ in (8) will be larger than zero and
smaller than 0 dB, so the terms in (7) related to Gδ can be
ignored only when the disturbances δiq and δid are small.

In steady-state, δiq and δid are very small, the current loop
can be characterized by (4), so the steady-state performance
of the current loop is determined by the current controller Gc.

During the transient process, δiq and δid will become larger
because of the influence of the dynamic characteristics of
the adopted IACE method. According to classical control
theory [27], when the trend of δiq and δid is consistent with
that of the reference inputs idref and iqref , the changing rate of
the controlled signal will increase, otherwise, it will decrease.
These two results can be described as:

δiq ↑, idref ↑ or δiq ↓, idref ↓⇒
dised

dt
↑

δid ↑, iqref ↑ or δiq ↓, idref ↓⇒
diseq
dt
↑
⇒ dis

dt
↑

(10)
δiq ↓, idref ↑ or δiq ↑, idref ↓⇒

dised
dt
↓

δid ↓, iqref ↑ or δiq ↑, idref ↓⇒
diseq
dt
↓
⇒ dis

dt
↓

(11)

where dised/dt, diseq/dt, and dis/dt represent the changing
rate of ised, iseq , and is, respectively. Therefore, the dynamic
characteristic of IACE methods primarily affects the dynamic
performance of the current loop.

III. PERFORMANCE ANALYSIS OF CONVENTIONAL
IACE METHODS

The d-q axis estimated currents ised and iseq are obtained
by α-β axis currents, and are expressed as:[

ised
iseq

]
=

[
cosωt sinωt
− sinωt cosωt

] [
isα
iseβ

]
(12)

where isα is the line current is. iseβ is the β-axis estimated
component of is, which is obtained by IACE methods.

To simplify the analysis, it is assumed that the adopted
converter is operating as a rectifier with a unit power factor,
and only the amplitude error between the β-axis actual current
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isβ and iseβ is considered. The α-β axis currents can be
expressed as: 

isα = Ism cosωt

isβ = Ism sinωt

iseβ = (Ism + ∆Ism) sinωt

(13)

where Ism is the peak value of is. ∆Ism is the peak error.
Substituting (13) into (12), ised and iseq are derived as:

ised = Ism +
1

2
∆Ism(1− cos 2ωt)

iseq =
1

2
∆Ism sin 2ωt

(14)

There are double-frequency components in ised and iseq
when ∆Ism is not zero. This will cause ised and iseq to increase
or decrease.

Since the controllers have the same dynamic performance at
all times, the performance of the IACE methods can be studied
in any quadrant. In the subsequent description, the same
simulation condition is adopted for discussion to compare the
performance of IACE methods. The electrical parameters of
the adopted converter are listed in Table I, which are the actual
parameters of China Railways High-speed 3 (CRH 3) type
EMUs [9]. The dynamic simulation waveforms are shown in
Fig. 5, where isref and iβref are the α-β axis reference currents,
respectively. At the same instant in the 4th quadrant, the q-axis
reference input iqref equals zero, the d-axis reference input
idref rises from 1095 A to 2190 A.

TABLE I
ELECTRICAL PARAMETERS OF THE ADOPTED SYSTEM

Parameters Values
Grid-side voltage RMS value (us) 1550 V
Grid-side inductance (L) 2.2 mH
Grid-side resistance (R) 0.068 Ω
Grid-side fundamental frequency(f0) 50 Hz
DC-link reference voltage (Udc-ref ) 3000 V
DC-link buffer capacitance (Cd) 3000 µF
DC-link resonant filter inductance (L2) 0.83 mH
DC-link resonant filter capacitance (C2) 3000 µF
Switching frequency (fpwm) 1.25 kHz
DC-link rated current 400 A
Grid-side rated line current 1095 A

A. SOGI Method

The transfer function of SOGI used to estimate the β-axis
current is [18]:

iseβ(s) =
kω2

s2 + kωs+ ω2
is(s) (15)

where k is the damping factor. The line current is is the input
signal of the SOGI block. Since the transfer function in (15) is
an LPF with a phase shift of 90-degree, iseβ is the quadrature
component of is and is insensitive to circuit parameters. The
settling time of SOGI depends on the selection of k, and its
minimum value occurs with k = 1.57 at about 15 ms [19].
Compared with the current controller, the settling time of
SOGI is longer. Therefore, iseβ will change slower than isβ
during the transient process, which means that ∆Ism in (14)

isref iseβ

iβref
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i s
α
, 
i s
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β
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Fig. 5. Dynamic simulation waveforms with different IACE methods when
idref rises from 1095 A to 2190 A. (a) SOGI. (b) FAE. (c) RI-based IACE.

is smaller than zero when idref rises. In the 4th quadrant, the
following results can be obtained:

∆Ism < 0

0 < cos 2ωt ≤ 1

−1 < sin 2ωt ≤ 0

⇒

{
ised < isd

iseq > isq = 0

⇒

{
δid ≤ 0

δiq ≤ 0
⇒

{
δid ↓
δiq ↓

(16)

From (16), the trend of δiq/δid is opposite to that of
idref/iqref . According to (11), the changing rate dis/dt of is
will decrease, so the settling time of the current loop will be
longer.

In Fig. 5(a), about 4 ms after idref is changed, is is close to
isref , but iseβ is still smaller than iβref . When is and iseβ are
both close to their reference inputs, δiq and δid are reduced to
a negligible amount, and the system enters a new steady-state
at about 30 ms.

In summary, the dynamic response of SOGI is slower than
that of the current controller, resulting in the deterioration of
the dynamic performance of the current loop.
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B. FAE Method

The transfer function of FAE is [22]:

iseβ(s) =
1

Ls+R
[usβ(s)− uabβ(s)] (17)

where usβ and uabβ are the β-axis components of us and
uab, respectively. Among them, uabβ is obtained by the
inverse Park (dq-αβ) transformation of uabd and uabq , and
all variables are the β-axis components of the real variables.

Comparing (3) and (17), the transfer function of the FAE
block and the system are the same. From this, a closed-loop
system is established in the β-axis, which runs synchronously
with the real system. For the nominal system, iseβ can be
changed synchronously with is. Therefore, the dynamic re-
sponse of FAE is faster than that of SOGI.

Since FAE has no control delay caused by the PWM
module, iseβ will change faster than isβ during the transient
process. Therefore, ∆Ism in (14) will be larger than zero when
idref rises. In the 4th quadrant, the following results can be
obtained:

∆Ism > 0

0 < cos 2ωt ≤ 1

−1 < sin 2ωt ≤ 0

⇒

{
ised > isd

iseq < isq = 0

⇒

{
δid ≥ 0

δiq ≥ 0
⇒

{
δid ↑
δiq ↑

(18)

From (18), the trend of δiq/δid is consistent with that of
idref/iqref . According to (10), the changing rate dis/dt of is
will increase, so the settling time of the current loop will be
shorter.

In Fig. 5(b), about 4 ms after idref is changed, is is close
to isref , but iseβ is still larger than iβref . When is and iseβ are
both close to their reference input currents, the system enters
a new steady-state at about 22 ms.

From (17), iseβ depends on usβ , uabβ , R, and L, so the
FAE method has the disadvantage of parameter sensitivity.
This issue has been studied in [22], and the following is only
a brief review:

Let RFAE and LFAE represent the nominal values of R
and L in (17), respectively. When the circuit parameters are
mismatched, the current controller must provide a double-
frequency component, which is expressed as a complex vector
uabdq:

uabdq =

(
R−RFAE

2
− jω

L− LFAE

2

)
Isdqe

−j2ωt (19)

where Isdq is the complex amplitude in the dq frame of is.
However, conventional current controllers do not support this,
so the harmonic component of is will increase. Since R is
much smaller than L, the current harmonic component is
primarily caused by inductance mismatch.

In short, the dynamic response of FAE is faster than that of
the current controller, which will reduce the settling time of
the current loop. However, FAE is sensitive to circuit param-
eters, therefore, an online inductance parameter estimation is
necessary to ensure the estimated accuracy of isβ in practical
applications. This will increase the programming complexity.

IV. REFERENCE-INPUT-BASED IMAGINARY AXIS
CURRENT ESTIMATION METHOD

For dq control strategies of single-phase PWM converters,
the equivalent structure of the current loop in the αβ frame
is shown in Fig. 6, where usβ , isβ and uabβ are the β-axis
components of the grid-side voltage usα, line current isα, and
H bridge input voltage uabα, respectively.

Traction Network

Pantograph

Transformer

Inverter
Motor

Converter

M

Fig. 6. Equivalent structure of the current loop in the αβ frame.

From the analysis in Section II, usβ and isβ need to
be created. The dq-axis components usd and usq of us are
independent of the current loop and can be eliminated by
the voltage feedforward. This means that QSG technology
is a good choice for usβ . In addition, the αβ-dq or dq-αβ
transformation needs the angular frequency ω of us. To reduce
the computational burden, signal synchronization technology
can be used to simultaneously obtain tusβ and ω, such as
SOGI-PLL [19]. For IACE methods, QSG technology is not
the only solution, the study in [22] provides a good idea.

In the steady-state, the relationship between the d-q axis
estimated currents ised/iseq , the d-q axis currents isd/isq and
the d-q axis reference inputs idref/iqref are:{

ised = isd = idref

iseq = isq = iqref
(20)

Applying the dq-αβ transformation to (20), the β-axis
current isβ is:

isβ = iseβ = iβref = idref sin(ωt) + iqref cos(ωt) (21)

where iseβ is the β-axis estimated current. iβref is the β-axis
reference input.

In Fig. 6, isα is the controlled object, and its change is
limited by the real system. In contrast, the β-axis current loop
is fictitious, so isβ is not limited by the real system. This
means that there is no transient process for the β-axis current
loop, isβ can be set to change synchronously with iβref . From
this, the proposed method uses (21) to calculate isβ , so it is
called the RI-based IACE method.

Obviously, the proposed method is effective in the steady-
state. During the transient process, its rationality is analyzed
as follows:

First, the PWM modulator updates the switching state of the
power devices according to the switching period. Assuming
that there is no current error during the transient process, the
current loop can enter a steady state after a few switching
periods. This provides the possibility of taking (21) as an IACE
method.
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Secondly, iseβ obtained by (21) is the target value of isβ dur-
ing the transient process, and isα is still obtained by the current
sensor. This is equivalent to introducing iβref into the d-q axis
current loop as a feedforward term. The feedforward control
strategy is to perform open-loop compensation according to
the disturbance or the change of the reference input, it not only
can improve the system performance and suppress disturbance
but also will not change the close-loop characteristics of the
system [28], [29], so the proposed method has a theoretical
basis.

Thirdly, when the reference current changes, iseβ obtained
by (21) can reach the steady-state target value in one control
period. The influence of the estimation error of iseβ on the
current loop is analyzed as follows:

With the same simulation condition set in Section III, ∆Ism
in (14) is larger than zero when the line current is is smaller
than isref , otherwise, ∆Ism is smaller than or equal to zero.
In the 4th quadrant, ∆Ism is larger than zero when isref rises.
The following results can be obtained:

∆Ism > 0

0 < cos 2ωt ≤ 1

−1 < sin 2ωt ≤ 0

⇒

{
ised > isd

iseq < isq = 0

⇒

{
δid ≥ 0

δiq ≥ 0
⇒

{
δid ↑
δiq ↑

(22)

This situation is the same as (18), but a comparison between
(17) and (21) shows that ∆Ism in (22) is larger than ∆Ism in
(18). Therefore, compared with FAE, the changing rate dis/dt
of is will increase faster, and the settling time of the current
loop will be shorter. As shown in Fig. 5(c), about 5 ms after
idref is changed, both is and iseβ are close to their reference
inputs, and the system enters a new steady-state.

Assume that is is overshoot, that is, ∆Ism is smaller than
zero, then the following results can be obtained:

∆Ism < 0

0 < cos 2ωt ≤ 1

−1 < sin 2ωt ≤ 0

⇒

{
ised < isd

iseq < isq = 0

⇒

{
δid ≤ 0

δiq ≤ 0
⇒

{
δid ↓
δiq ↓

(23)

This situation is the same as (16), the changing rate of is
will be reduced and will become closer to isref much faster.
Therefore, the overshoot of is can be suppressed.

According to the control period Tc of the current loop, the
discrete expression of iseβ in (21) is derived as:

iseβ(k) = idref(k) sin(ωkTc) + iqref(k) cos(ωkTc) (24)

When the converter works as a rectifier with the unit power
factor, iseβ(k) can be simplified as follows:

iseβ(k) = idref(k) sin(ωkTc) (25)

The block diagram of the proposed method is shown in
Fig. 7, where ω is obtained by the existing PLL block. idref
is the output of the voltage loop, iqref is generally a constant.
These variables only need the values at the kth control instant,
which are independent of circuit parameters and do not need
to be tuned.

V. HIL EXPERIMENTAL VERIFICATION

A hardware-in-the-loop (HIL) experimental platform is con-
structed to evaluate the correctness and effectiveness of the
proposed RI-based IACE method, and the test results are
compared with the conventional SOGI and FAE methods.
The photograph of the HIL platform is shown in Fig. 8,
where the power loop is realized in a MicroLabBox real-time
simulator. The C program of the control strategy runs in the
TMS320F28335 digital signal processor (DSP). The electrical
parameters of the experimental system are listed in Table I,
and the control block diagram is shown in Fig. 9, where the
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udc

udc_ref

us ω

RI-based IACE

Eq. (24)

idref (k) sin (ωkTc)+iqref (k)cos (ωkTc)
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PLL

Fig. 7. Block diagram of the proposed RI-based IACE method.
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control strategy selects the dq current decoupling control (DQ-
CDC). DQ-CDC has been widely applied in the traction drive
system [21], [23]–[25]. The PI parameters of controllers have
been well-tuned according to system performance when the
IACE method is SOGI, and remain unchanged throughout the
experiment.

A. Steady-state Performance

The adopted converter works as a rectifier when the rated
load and the proposed IACE method are used, and the steady-
state experimental waveforms and the line current FFT analy-
sis result are shown in Fig. 10, where us and is are the grid-
side voltage and the line current, respectively. udc is the DC-
link voltage.
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Fig. 10. Steady-state experimental waveforms and line current FFT analysis
of the proposed method.

SOGI and FAE, as IACE methods, have been verified in [14]
and [22], respectively, and both can provide good steady-state
performance. In Fig. 10, is is sinusoidal and in phase with us.
The line current THD value is about 4.81%, which is close to
the line current THD values (4.95%, 4.80%) with the SOGI
and FAE methods.

The steady-state experiment verifies that the steady-state
performance of the current loop is primarily determined by
current controllers.

B. Transient Process Performance

The dynamic experimental waveforms with different IACE
methods under d- or q-axis reference current idref/iqref step-
change conditions are shown in Figs. 11 and 12, respectively,
where us and is are the grid-side voltage and the line current,
respectively. isref is the α-axis reference current.

In Fig. 11, iqref is set to zero, and idref increases from
1095 A to 2190 A. The settling time of the current loop with
SOGI, FAE, and the proposed RI-based IACE method are
about 21 ms, 16 ms, and 2 ms, respectively. Among them,
the settling time, using the proposed method, is the shortest,
and using SOGI, it is the longest.

In Fig. 12, idref is set to 1095 A, and iqref increases from
0 A to 1095 A. The settling time of the current loop with
SOGI, FAE, and the proposed method are 22 ms, 19 ms, and
2 ms, respectively. Among them, the settling time using the
proposed method is still the shortest, and using SOGI, it is the
longest.

Comparing the trend of is and isref during the transient
process in Figs. 11 and 12, the overshoot of is is the largest
when the IACE method is SOGI. In contrast, the overshoot
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Fig. 11. Dynamic experimental waveforms with different IACE methods
when idref rises from 1095 A to 2190 A. (a) SOGI. (b) FAE. (c) RI-based
IACE.

of is is almost zero, the smallest when the proposed RI-based
IACE method is adopted.

In addition, from (17), the β-axis estimated current iseβ with
the FEA method is related to the β-axis component uabβ of
the output of the current controller. The accuracy of uabβ is
determined by the switching frequency of the converter, signal
measurement error, and current loop control accuracy. The
experimental verifications in [12] and [22] show that the FAE
method can obtain good results in high switching frequency
and low-power applications. However, from the experimental
waveforms of the FAE method in Fig. 11(b) and Fig. 12(b),
there still is a large difference between the peak value of isref
and is in the steady-state. Therefore, in low frequency and
high-power applications, the FAE method has shortcomings
even in the nominal system, and therefore, online inductance
parameter identification is necessary.

The experimental results of SOGI, FAE, and the proposed
RI-based IACE method are shown in Table II. The excel-
lent performance of the proposed RI-based IACE method is
verified from aspects of computational burden, programming
complexity, algorithm characteristics, and steady-state and
dynamic characteristics. From the system performance, the
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Fig. 12. Dynamic experimental waveforms with different IACE methods
when iqref rises from 0 A to 1095 A. (a) SOGI. (b) FAE. (c) RI-based IACE.

TABLE II
EXPERIMENTAL RESULTS OF THE THREE IACE METHODS

Performance SOGI FAE RI-based IACE
Computational burden 5 µs 1.8 µs 1.6 µs
Programming complexity Complex Normal Easy
Sensitivity to inductance No Yes No
Parameter tuning Yes No No
Line current THD value 4.95% 4.80% 4.81%
Settling time of current loop 22 ms 19 ms 2 ms
Overshoot of line current Large Large Small

three methods have similar steady-state performance. When
the adopted IACE method is the proposed method, the settling
time and the overshoot of the line current are the smallest
during the transient process. Moreover, the proposed method
does not need tune parameters and is insensitive to circuit
parameters, so it can provide a simpler and better-performance
solution for estimating the β-axis current. Since the theoretical
analysis in Section II is based on a general model, the proposed
method can also be applied to other control schemes or
circuit topologies in single-phase PWM converters based on
dq control strategies.

VI. CONCLUSION

A reference-input (RI)-based IACE method for dq control
strategies of single-phase PWM converters has been proposed.
Due to the estimated error of the β-axis current obtained
by IACE methods, d-q axis current loops are incompletely
decoupled. In this paper, First, the incomplete decoupling
model of the current loop is given. From the analysis of this
model, it can be concluded that IACE methods primarily affect
the dynamic characteristics of the current loop. Secondly, since
the β-axis current loop has the characteristic of no transient
process, the proposed method used the d-q axis reference
inputs to estimate the β-axis current, which can simplify
the calculation and improve the dynamic performance of the
current loop. Finally, the effectiveness and correctness of the
proposed method were evaluated on a HIL experimental plat-
form. Compared with conventional SOGI and FAE methods,
the proposed RI-based IACE method has the following salient
features:

1) Compared with the FAE method, it is insensitive to circuit
parameters.

2) Compared with the SOGI method, it does not need
parameter tuning.

3) Compared with the SOGI and FAE methods, it can
effectively improve the dynamic performance of the current
loop. Also, it is simple and easily implemented in digital
controllers.
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