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Abstract—Due to low cost and high reliability,
resistance-emulating control (REC) is an emerging
approach for grid-connected voltage source rectifiers
(VSRs). However, small-signal stability issues of the
grid-connected VSR with REC are currently rarely studied.
In this paper, the small-signal dq-admittance model of
the grid-connected VSR with REC is first built and the
small-signal stability superiority of the VSR with REC in
weak-grid connection is revealed. First, a dq-admittance
model of the grid-connected VSR with REC is established.
The admittance characteristics of the grid-connected VSR
with REC and the grid-connected VSR with traditional dual
closed-loop control (DCC) are analyzed and compared.
Then, the influence of short circuit ratio (SCR), voltage-loop
bandwidth and the output power on the stability of the VSR
with REC and DCC is analyzed based on the generalized
Nyquist criterion. The stability comparison results indicate
that the VSR with REC has better adaptability to the weak
grid and can achieve a higher bandwidth at the voltage
loop. Besides, it is found that the DCC controlled VSR
is more suitable for light-load operation than the REC
controlled VSR. Finally, the correctness of the analysis is
verified by experiments.

Index Terms—Resistance-emulating control (REC), weak
grid, small-signal stability.

I. INTRODUCTION

DUE to high controllability and improved efficiency, volt-
age source rectifiers (VSRs) have been widely used as

the interface for power conversion systems which can provide
constant DC-link voltage and achieve sinusoidal input currents
[1]–[3]. However, various stability issues are introduced by the
interactive dynamics between VSRs and the power grids, par-
ticularly when the short circuit ratio (SCR) is relatively small
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[4]–[7]. Such stability issues need to be carefully evaluated
when considering the entire stable operation of power systems.

The dual closed-loop control (DCC), which owns fast
dynamic response and flexible power regulation, has become
one of the most dominated control methods for grid-connected
VSRs [8]–[10]. The DCC usually requires a phase-locked-
loop (PLL) to achieve the grid synchronization [11]. The
prior-art research indicated that the PLL has a significant
influence on system stability, especially in a weak grid [12]–
[14]. According to the impedance-based stability analysis, a
negative resistor effect near the fundamental frequency was
identified, which tends to cause small-signal instability under
weak grid conditions [15], [16].

To address those stability issues led by the PLL, some
research efforts have been made [17]–[21]. One solution is
to modify the control scheme. In [17], a pre-filter was added
in the critical loop that improves the phase margin of the
system. To introduce an additional damping feedback path,
a feedforward compensator is proposed in [18]. Furthermore,
using advanced PLLs is another good solution. Based on the
adaptive filtering technique, a fast and robust PLL algorithm
is presented in [19]. A more-stable enhanced PLL (MsEPLL)
is developed in [20], which improves stability by adding ad-
ditional nonlinear damping terms. A linear active disturbance
rejection controller (LADRC)-based PLL is proposed in [21],
enhancing the system damping under weak grid conditions.
Although the above-mentioned solutions can improve the
stability under adverse grid conditions, they all compromise
on the design complexity and computation burden.

Some researches have thus been devoted to the PLL-less
control to avoid the undesirable effect caused by the PLL [22].
Among them, the resistance-emulating control (REC) emerges
as a promising way for the grid-connected converters [23]–
[26], which is characterized by easy-to-implement and clear
physical insight. The basic idea of the REC is to make the VSR
imitate the external characteristics of the resistor, where the
value is regulated by the outer loop. According to the passive
circuit theory, the current caused by the interaction between
the AC grid and the resistor is synchronized with the AC grid
[23]. As a result, the synchronization of the grid current is
realized naturally under the REC, which thus abolishes the
PLL.

At present, the REC has shown great potentials in many
applications [23]–[30]. In the earlier time, the REC was
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Fig. 1. Diagram of grid-connected rectifier with REC.

mostly used in the grid-connected VSRs [23]–[26]. To improve
the power factor under the REC, an extremum-seeking-based
power factor compensator was presented in [27]. Furthermore,
following the same idea of the passive circuit emulation,
the REC was extended to applications of active power de-
coupling [28] and three-phase unbalanced grid voltages [29]
with introducing some unique concepts (e.g., the harmonic
impedance, common-mode and differential-mode resistances).
In the latest work [30], a negative resistance stabilized control
was proposed to tackle the instability of the REC for the grid-
connected inverter. All these researches validate the effective-
ness of the REC for grid-connected converters. However, to
the best knowledge of the authors, the small-signal stability of
the VSR systems using the REC has not been studied before.
Moreover, there is no comprehensively comparative analysis
about the frequency-domain characteristics and the stability of
the grid-connected VSRs with REC and DCC. Therefore, this
paper aims to fill this void.

The main contributions of this paper are summarized as
follows:

1) The dq-frame admittance model for the VSR with REC
is established, and the admittance characteristics of the VSR
with REC and DCC are compared and analyzed.

2) The influence of the SCR and the voltage-loop bandwidth
on the stability of grid-connected VSRs with REC and DCC
is studied. From the system stability viewpoint, the REC is
shown to be more preferable than the DCC in a weak grid or
high voltage-loop bandwidth.

The rest of this paper is organized as follows: In Section II,
the concept and the control scheme of resistance-emulating
technique are elaborated. Section III is devoted to deriving
the dq-frame small signal admittance of the VSR with REC.
The admittance characteristics of the grid-connected VSR with
REC and DCC is verified and compared in Section IV. Section
V gives the comparisons of the stability analyses of the system
with REC and DCC. Finally, in Section VI, the results are
verified by experiments.

II. CONCEPT OF RESISTANCE-EMULATING CONTROL

Fig. 1 depicts a three-phase voltage-source rectifier (VSR)
with REC. According to the idea of REC, the reference voltage
to the PWM is given as

vsref = isre (1)

Fig. 2. The equivalent circuit of the VSR based on resistance-emulation.

Fig. 3. Diagram of grid-connected rectifier with DCC.

where the superscript ’s’ is used to express the complex vector
in the stationary αβ-frame, e.g., vsref = vαref + jvβref and
is = iα + jiβ .

Based on (1), the equivalent schematic diagram of the three-
phase VSR with REC is drawn as Fig. 2. The equivalent
resistance re is regulated by a DC voltage controller. Then reiα
and reiβ are taken as the voltage reference of the rectifier. It
is emphasized that the grid current will self-synchronize with
the grid because the current through any branch of a linear
passive circuit will synchronize with the excitation voltage.

In the REC scheme, the AC current control loop and the
PLL are eliminated. Besides, only two AC current sensors
and one DC voltage sensor are used. Therefore, this control
scheme is easy-to-implement and low-cost, which makes it
suitable for practical application.

III. ADMITTANCE MODELING OF THE GRID-CONNECTED
RECTIFIER WITH REC

A. Modeling Conventions
In this paper, we use boldface letters to express complex

space vectors. For example, E = Ed + jEq , v = vd + jvq
and i = id + jiq are the point of common coupling (PCC)
voltage vector, converter voltage vector and inductor current
vector, respectively. The grid impedance and the converter
input admittance are denoted as Zg (s) = Zgd (s) + jZgq (s)
and Y (s) = Yd (s) + jYq (s), respectively.

Let italic letters represent real space vectors. For instance,
v = [vd, vq]

T and i = [id, iq]
T for voltage and current,

respectively. The relation between v and i can be described as

i = Y (s) v, Y (s) =

[
Ydd (s) Yqd (s)
Ydq (s) Yqq (s)

]
(2)
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Notably, E0, i0d and i0q are denoted as the steady-state value
of PCC voltage, input current in d axis and q axis, respectively.

In our derivation, physical quantities such as voltage and
current are expressed in grid dq frame, which is based on
angle θg

dθg
dt

= ωg (3)

where ωg is the angular synchronous frequency and ωg =
100π rad/s. The converter dq frame is based on θ, which would
be consistent with the grid dq frame at steady state.

In Fig. 1, Lg , Lf , C, Rg and RL are the grid inductance,
filter inductance, DC side capacitance, grid resistance and DC
load, respectively. The direct-voltage controller has two inputs
for the measured DC-link voltage vdc and the reference voltage
vrefdc , one output for emulated resistance Re. The superscripts
’s’ and ’c’ are used to express vectors in the stationary αβ
frame and the converter dq frame, respectively.

B. AC Loop Modeling
The dynamic differential equation of AC loop in converter

dq frame can be written as

Lf
dic

dt
+ jωgLf i

c = Ec − vc (4)

Transforming (4) into frequency domain, whose small-
signal form is written as

Lfs∆ic + jωgLf∆ic = ∆Ec −∆vc (5)

The reference voltage to the PWM is

vsref = isre (6)

Rewriting (6) in the converter dq frame yields

vcref = icre (7)

The linearized form of (7) is

∆vcref = Re∆ic + ic0∆re (8)

where Re is the steady state operating point of the emulated
resistance re and ic0 = i0d + ji0q .

Considering the zero-order hold effect and calculation delay,
it is obtained that

∆vc =

(
1− e−sTs

)
e−sTd

sTs︸ ︷︷ ︸
Gd

∆vcref (9)

where Ts is the switching period and Td is the dead time of
the PWM switching.

Substituting (8) and (9) into (5), the AC loop model can be
derived as

Lfs∆ic + jωgLf∆ic = ∆Ec −Gd (Re∆ic + ic0∆re) (10)

Then (10) can be written in matrix form as follows

H1∆ic = ∆Ec +G1∆re (11)

where

H1 (s) =

[
Lfs+GdRe −ωgLf

ωgLf Lfs+GdRe

]
(12)

G1 (s) =

[
−Gdi0d
−Gdi0q

]
(13)

C. DC Loop Modeling

The instantaneous active power flowing into the converter
can be described as

P =
3

2
Re(vcic∗) (14)

where Re {·} represents the real part of a complex number.
Substituting (4) into (14) yields

P =
3

2
Re(Ec − Lf

dic

dt
− jωgLf ic)ic∗ (15)

Linearizing (15) gives

P = 1.5
(
E0i

0
d + i0d∆Ed + i0q∆Eq + E0∆id

)
−

1.5

(
Lf i

0
d

d∆id
dt
− Lf i0q

d∆iq
dt

)
(16)

Assume that the power losses on the switches of the rectifier
are neglectable, the DC-link voltage dynamic is obtained as

1

2
Cdc

dv2dc
dt

= P − v2dc
RL

(17)

The small-signal form of (17) is

∆P =

(
Cdcv

ref
dc s+

2vrefdc

RL

)
︸ ︷︷ ︸

Fc

∆vdc (18)

Combining (16) with (18), then we obtain

∆vdc = G2∆Ec +H2∆ic (19)

where

G2 =

[
3i0d
2Fc

3i0q
2Fc

]
(20)

H2 =

[
3
(
E0 − Lf i0ds

)
2Fc

−
3Lf i

0
qs

2Fc

]
(21)

With the emulated resistance re as the controller output, the
DC-link voltage controller is described as follows

re = −
(
kpd +

kid
s

)
︸ ︷︷ ︸

Fdc

(
vrefdc − vdc

)
(22)

The small-signal form of (22) is

∆re =

(
kpd +

kid
s

)
︸ ︷︷ ︸

Fdc

∆vdc (23)

Substituting (24) into (11) to get

∆re = FdcG2∆Ec + FdcH2∆ic (24)
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Ydd =
Hi1Fc − 1.5

(
i0d
)2
Hi1GdFdc − 1.5i0di

0
qHi2GdFdc

sLfHi1Fc + 1.5i0dHi1Ai1GdFdc +Hi1FcGdRe + ω1LfHi2Fc + 1.5i0qHi2Ai1GdFdc
(35)

Yqd =
−1.5i0di

0
qHi1GdFdc +Hi2Fc − 1.5

(
i0q
)2
Hi2GdFdc

sLfHi1Fc + 1.5i0dHi1Ai1GdFdc +Hi1FcGdRe + ω1Hi2LfFc + 1.5i0qHi2Ai1GdFdc
(36)

Ydq =
−1.5i0di

0
qGdFdc

(
sLfFc + 1.5i0dAi1GdFdc + FcGdRe

)
+
(
Fc − 1.5

(
i0d
)2
GdFdc

) (
ω1LfFc + 1.5i0qAi1GdFdc

)
sLfHi1Fc + 1.5i0dHi1Ai1GdFdc +Hi1FcGdRe + ω1Hi2LfFc + 1.5i0qHi2Ai1GdFdc

(37)

Yqq =

(
Fc − 1.5

(
i0q
)2
GdFdc

) (
sLfFc + 1.5i0dAi1GdFdc + FcGdRe

)
+ 1.5i0di

0
qGdFdc

(
ω1LfFc + 1.5i0qAi1GdFdc

)
sLfHi1Fc + 1.5i0dHi1Ai1GdFdc +Hi1FcGdRe + ω1Hi2LfFc + 1.5i0qHi2Ai1GdFdc

(38)

D. Closed-Loop Admittance Modeling
Substituting (24) into (11) to eliminate ∆re, we have[

M11 M12

M21 M22

] [
∆id
∆iq

]
=

[
N11 N12

N21 N22

] [
∆Ed
∆Eq

]
(25)

where

M11 = Lfs+
1.5i0d(E0 − Lf i0ds)GdFdc

Fc
+GdRe (26)

M12 = −ωgLf −
1.5Lf i

0
di

0
qsGdFdc

Fc
(27)

M21 = ωgLf +
1.5i0q(E0 − Lf i0ds)GdFdc

Fc
(28)

M22 = −Lfs−
1.5Lf i

02
q sGdFdc

Fc
+GdRe (29)

N11 =
Fc − 1.5i02d GdFdc

Fc
(30)

N12 = −
1.5i0di

0
qGdFdc

Fc
(31)

N21 = −
1.5i0di

0
qGdFdc

Fc
(32)

N22 =
Fc − 1.5i02q GdFdc

Fc
(33)

From (25), the dq-frame input admittance of the VSR with
REC can be calculated as:

Y (s) =

[
M11 M12

M21 M22

]−1 [
N11 N12

N21 N22

]
=

[
Ydd Yqd
Ydq Yqq

]
(34)

Then Ydd, Yqd, Ydq and Yqq can be solved, whose detailed
expression is given in (35)-(38), shown at the top of this page.

For comparisons, the DCC shown in Fig. 3 is also con-
sidered. The VSR admittance model with DCC is developed
as 

Y dccdd = yi1 + gc1G
d
dc

Y dccqd = yi2 − yi2E0GPLL + gc1G
q
dc − i

0
qGPLL

Y dccdq = yi3 + gc2G
d
dc

Y dccqq = yi4 − yi4E0GPLL + gc2G
q
dc +

P0

E0
GPLL

(39)

Fig. 4. The input-admittance measurement of the VSR with REC.

Fig. 5. The input-admittance measurement of the VSR with DCC.

where yi1, yi2, yi3, yi4, gc1, gc1, Gddc and Gqdc are given in
appendix B. The principles of controllers design for REC and
DCC are presented in appendix A.
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Fig. 6. The closed-loop amplitude frequency characteristic diagram of
REC and DCC.

IV. VERIFICATION AND CHARACTERISTIC ANALYSIS OF
THE ADMITTANCE MODEL

A. Frequency Scan Validation

The input-admittance models of the VSR using REC and
DCC are validated by the point-by-point frequency scanning
in Matlab/Simulink. The parameters of the VSR are shown in
Table I and Table II. The principles of controller design are
elaborated in [10]. The measurement objects are four unknown
admittance elements (Ydd, Ydq, Yqd, Yqq). The amplitude of the
voltage perturbation is 0.02 pu and the harmonic frequency is
set at 10 Hz-1000 Hz with an interval of 1 Hz-100 Hz. The
perturbation is small enough to maintain the system in steady
state but large enough for the system admittance identification.
The admittance measurement results are drawn in Fig. 4 and
Fig. 5. The black solid lines show the established admittance
models of the grid-connected rectifier with REC and DCC.
The red marks represent the admittance measurement results.
As observed, the admittance measurement results are in good
agreement with the established admittance models, which
validates the accuracy of the built admittance models.

B. Comparative Results of Admittance Characteristics

Observing the dq-frame admittance characteristics shown in
Fig. 4 and Fig. 5, some observations are given as follows:

1) The amplitude of Ydd of REC is lower than Ydd of
DCC, which indicates that the REC shows a better voltage
disturbance suppression capability;

2) In the low-frequency regions, the negative resistor effect
is identified in both Y (s) and YDCC(s), which tends to cause
small-signal instability;

3) Compared with YDCC(s), the Y (s) has a narrower
negative-resistor frequency regions. Therefore, the REC is
more preferable in terms of stability.

V. STABILITY ANALYSIS AND COMPARISON

In this section, the stability of grid-connected VSR with
REC and DCC are carried out and compared. The system
stability is identified by applying the Nyquist criterion to
Y (s)Z (s). Fig. 6 shows the small-signal description of a
VSR connected with a grid. The VSR is modeled in Norton
representation as a current source in parallel with an admit-
tance Y (s). The grid is modeled in a voltage source vg(s) in

TABLE I
MAIN CIRCUIT PARAMETERS

Symbol Description Value

Vg Grid voltage (line to line) 311 V

ωg Grid angular frequency 100π rad/s

Lf Filter inductor 3 mH

C DC side capacitor 50 µF

RL Resistance load 80 Ω

Lg Grid inductance 6 mH

Rg Grid resistance 0 Ω

TABLE II
CONTROL PARAMETERS

Symbol Description Value

(I) REC method

vrefdc DC-link voltage reference 650 V

P0 Steady-state active power 5.28 kW

ωci Bandwidth of voltage loop 205 rad/s

kpd Proportional gain of voltage controller 0.18

kid Integral gain of voltage controller 20

fsw switching frequency 10 kHz

fs Control frequency 10 kHz

(II) DCC method

ωci Bandwidth of current loop 3140 rad/s

kpa Proportional gain of current controller 9.42

kia Integral gain of current controller 1

ωd Bandwidth of voltage loop 205 rad/s

kpd Proportional gain of voltage controller 6.5 × 10−5

kid Integral gain of voltage controller 0.0174

ωp Bandwidth of PLL 210 rad/s

kpp Proportional gain of PLL 0.6752

kip Integral gain of PLL 0.001

series with a grid impedance Zg(s), whose equation is given
as follows.

Zg(s) =

[
sLg +Rg −ωgLg
ωgLg sLg +Rg

]
(39)

The relationship between voltage source and input current
can be described as:

∆i(s) = (I + Y (s)Zg(s))
−1

(Y (s)∆vg(s)−∆ic(s)) (40)

where the grid voltage ∆vg(s) is stable and Y (s)∆vg(s) −
∆ic(s) is also stable for properly designed converter-
s. Therefore, whether the system is stable depends on
(I + Y (s)Zg(s))

−1, Due to the system is presented by a multi-
input multi-output (MIMO) transfer matrix, the Generalized
Nyquist Criterion can be applied [31]. Stability can be exam-
ined by checking the eigen loci of the eigenvalues λ1(s) and
λ2(s) of open-loop gain Y (s)Zg(s). If the eigen loci do not
encircle (-1, j0), then the system is stable.

The fairness of the comparison between REC and DCC
is guaranteed by analyzing them under a equal voltage loop
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bandwidth and circuit parameters. The amplitude frequency
characteristic diagram of REC and DCC is shown in Fig. 7,
which indicates that the voltage loop control bandwidth of
REC and DCC are equal. For the comparison purpose, the
following cases are studied.

A. Effect of Grid Inductance
The first case study tests the system stability with different

grid inductances which determine the grid strength. Four
different grid inductances for each method are tested to analyse
the impact of the grid inductance: Lg1 = 6 mH, Lg2 = 9 mH,
Lg3 = 12 mH, Lg4 = 15 mH.

Fig. 8 shows the Nyquist plots of the impedance ratios
Y (s)Zg(s) of REC and DCC with different values of grid
inductance. For a VSR with DCC, increasing grid inductance
makes the Nyquist curves more easily encircle the critical
point (-1, j0), the stability is therefore reduced. When Lg ≥ 12
mH, the Nyquist plots encircle (-1, j0) and the system becomes
unstable, which is shown in Fig. 8(a).

For a VSR using REC, when Lg changes from 6 mH to 15
mH, the Nyquist curves move towards to the left half plane
but do not encircle (-1, j0) from the Nyquist diagram in Fig.
8(b).

Though the increase of grid inductance makes the system
unstable with both control methods, when Lg increases to 12
mH the system with DCC becomes unstable while the system
with REC keeps still stable. Therefore, the system with REC
has better adaptability to weak grid.

To compare the effect of REC and DCC on the system
stability under weak grid conditions intuitively, Fig. 9 shows
the stable boundaries of Rg and Lg for both control, where
the points right below the stable boundary are stable. Clearly,
the stability domain of the REC is wider than the DCC.

B. Effect of Voltage Loop Bandwidth
This case is performed to study the impact of the DC voltage

loop bandwidth. The comparison is carried out when both of
the circuit parameters are equal. Four different voltage loop
bandwidth values are tested for each method: ωd1 = 500 rad/s,
ωd2 = 654 rad/s, ωd3 = 781 rad/s, ωd4 = 900 rad/s.

Fig. 10 shows the Nyquist plots of the impedance ratios
Y (s)Zg(s) of REC and DCC with different values of voltage
loop bandwidth. For a VSR with DCC, increasing ωd makes
the Nyquist curves move towards to the left plane to encircle
the critical point (-1, j0). The instability happens when ωd ≥
781 rad/s, as shown in Fig. 10(a).

For a VSR using REC, when ωd changes from 500 rad/s to
900 rad/s, the Nyquist curves move towards to the left plane

Fig. 7. Small-signal representation of the grid-connected VSR system.

Fig. 8. Nyquist diagram of system with various DC-link voltage loop
bandwidth under both control methods. (a) DCC; (b) REC.

Fig. 9. The stability boundary of Lg and Rg for both control methods.

but do not encircle (-1, j0) from the Nyquist diagram in Fig.
10(b).

The increase of voltage loop bandwidth makes the system
unstable with both control methods. Nevertheless, the Nyquist
curves of DCC encircle the critical point (-1, j0) more easily
with the increase of ωd. Therefore, the rectifier with REC is
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Fig. 10. Nyquist diagram of system with various DC-link voltage loop
bandwidth under both control methods. (a) DCC; (b) REC.

more stable with high voltage loop bandwidth.

C. Effect of Output Power
In this case study, the effect of the output power P on

system stability is studied. Four different output power values
are tested to analyse the impact of P : P1 = 4.2 kW, P2 = 3.0
kW, P3 = 2.3 kW, P4 = 1.9 kW.

Fig. 11 shows the Nyquist plots of the impedance ratios
Y (s)Zg(s) of REC and DCC with different values of the
output power. For a VSR with DCC, reducing P makes the
Nyquist curves move away from the left plane in Fig. 11(a).

For a VSR with REC, reducing P makes the Nyquist curves
move towards to the left plane to encircle the critical point (-1,
j0). When P = 2.3 kW, the system is unstable, as shown in
Fig. 11(b).

Reducing P helps to stabilize the VSR with DCC. Con-
versely, increasing P helps to stabilize the VSR with REC.
Therefore, the VSR with REC is more preferable for heavy-
load condition while the VSR with DCC is more applicable
for light-load condition.

VI. EXPERIMENTAL RESULTS

In this section, the stability analysis and the advantages of
REC are validated by experiments based on a two-level three-

Fig. 11. Nyquist diagram of system with various DC-link voltage loop
bandwidth under both control methods. (a) DCC; (b) REC.

Fig. 12. Configuration of experimental setup.

phase PWM rectifier built in the laboratory, as shown in Fig.
12. The controller board is mainly composed of a floating-
point DSP (TMS320F28335) and a field-programmable gate
array (FPGA EP2C8J144C8N). The DSP is used to accomplish
the control process and output duty ratios to the FPGA. And
the FPGA is used to achieve the outputs switching driving
signals. The related experimental specifications are provided
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Fig. 13. Experimental results of dynamic response of the VSR with REC.
(a) Dynamic response under stable operating conditions; (b) Dynamic
response when DC-link voltage suddenly changes.

in Table I and Table II.
Fig. 13 shows the experimental waveforms of input currents

iabc and DC-link voltage vdc under stable operating conditions
to observe the dynamic response of the VSR with REC. The
dynamic response of REC method is shown in Fig. 13(a). From
Fig. 13(a), we can obtain that the rise time of the system
with REC is about 6 ms and the over shoot is 3.8%. Fig.
13(b) shows the transient process when the DC-link voltage
reference rises from 600 V to 650 V suddenly. It can be
observed that the whole transient process can be completed
within 6 ms. The input current remains sinusoidal and the dc-
link voltage tracks its reference at steady state. Therefore, the
proposed REC can achieve a satisfying dynamic response.

The lagging and leading power factor results for the VSR
with REC with the emulated fundamental frequency steady-
state inductance proposed in [27] are presented in Fig. 14. Fig.
14(a) shows the experimental results with emulated inductance
Le = 1 mH (Lg + Lf = 4 mH), the lagging power factor is
0.9784. In Fig. 14(b), the experimental results show that the
leading power factor is 0.9833 with emulated inductance Le =
-8 mH (Lg + Lf = 4 mH). The experimental results verify that
the control strategy is effective with both inductive reactive
power and capacitive reactive power.

Next, the comparative experiments between REC and DCC
in weak grid are carried out. For the VSR with DCC, a stable
response is observed in Fig. 15(a) when Lg = 9 mH, while
an unstable response is observed in Fig. 15(b) when Lg = 12

Fig. 14. Experimental results of lagging and leading power factor. (a)
Lagging power factor; (b) Leading power factor.

mH. The experimental results agree with the stability analysis
in Fig. 8(a). Fig. 16 depicts the experimental waveforms for
the REC. When Lg is 9 mH or 12 mH, the system can
keep stable, which conforms to the stability analysis in Fig.
8(b). The above experimental results demonstrate that the REC
significantly extends the stability regions of the grid-connected
VSR compared with DCC.

The experimental waveforms under different voltage-loop
bandwidth are shown in Fig. 17. Fig. 17(a) shows the step
change of the DC-link voltage loop bandwidth from 654 rad/s
to 781 rad/s with DCC. The system becomes unstable at
ωd =781 rad/s, which conforms to the stability analysis in
Fig. 10(a). Fig. 17(b) shows the step change of the DC-
link voltage loop bandwidth from 654 rad/s to 781 rad/s
with REC. When ωd changes to 781 rad/s, the system keeps
stable, which verifies the stability analysis in Fig. 10(b). The
above experimental results demonstrate that the REC has better
adaptability to high voltage-loop bandwidth.

The impact of the output power P on the system stability
is verified by experiments. The VSR with DCC keeps stable
when P = 2.3 kW as shown in Fig. 18(a), which agrees with
the stability analysis in Fig. 11(a). For the VSR with REC,
when P = 2.3 kW, the system becomes unstable as shown
in Fig. 18(b), which conforms to the stability analysis in Fig.
11(b). The above experimental results demonstrate that the
VSR with DCC is more suitable for light-load operation than
the VSR with REC.

The computational effort of the proposed REC and the
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Fig. 15. Experimental results of the VSR with DCC when grid induc-
tance changes. (a) Lg = 9 mH; (b) Lg = 12 mH.

DCC are measured based on DSP TMS320F28335, and the
measured results are 8.57 µs and 24.18 µs, respectively. The
measured execution time of each link of REC and DCC
is shown in Fig. 19. It is found that the execution time
required by the proposed REC is lower than DCC, verifying
the superiority of the REC in the computational effort.

Table III summarizes the comparative results between the
traditional controllers and the proposed REC. Both DCC and
direct power control (DPC) [6] require grid voltage sensors
and PLL to achieve grid synchronization. But REC in [29]
and REC in our manuscript can achieve control objects without
grid voltage sensors and PLL. From the perspective of system
stability, the VSR with REC can operate stably under weaker
grids or higher voltage bandwidth, which reflects that the VSR
with REC has a wider stability region compared to DCC and
DPC. As for REC in [29], the effect of grid inductance and
voltage bandwidth on stability are not analyzed and proved.

Fig. 16. Experimental results of the VSR with REC when grid inductance
changes. (a) Lg = 9 mH; (b) Lg = 12 mH.

Moreover, the control algorithms of DCC, DPC, REC in [29]
are more complicated than that of REC, thereby, leading to a
higher computational cost.

VII. CONCLUSION

In this paper, the dq-frame admittance model of the grid-
connected VSR with REC was proposed. By using the dq-
frame admittance-based approach, the stability comparison
between REC and DCC was carried out. The influences of
the SCR and the bandwidth of the DC-link voltage loop on
the grid-VSR system stability were discussed and compared.
The conclusions are drawn as follows:
1). The application of REC significantly enlarges the stability

regions of VSR under weak grid conditions. From the per-
spective of system stability, The REC is more preferable
to DCC in a weak grid.

2). The bandwidth of DC-link voltage controller is the key
factor to impact the system stability. The grid-connected

TABLE III
COMPARISON OF THE DCC AND THE PROPOSED REC

Method Grid voltage sensors Grid synchronization method Short SCR High bandwidth Stable region Computational cost

DCC Required PLL Unstable Unstable Narrow High
DPC in [6] Required PLL Unstable Unstable Narrow High
REC in [29] No Required Self Not Proved Not Proved Not Proved High
Proposed No Required Self Stable Stable Wide Low
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Fig. 17. Experimental results of the VSR when voltage loop bandwidth
changes. (a) DCC; (b) REC.

VSR with the REC has better adaptability to high voltage-
loop bandwidth.

3). The grid-connected VSR with REC has better flexibility
to the high output power while poorer flexibility to the
low output power.

APPENDIX

A. Principles of controller design of REC and DCC

1) DC Control Loop of REC: In the direct-voltage con-
troller loop, a PI voltage controller is employed:

re = −
(
kpd +

kid
s

)
︸ ︷︷ ︸

Fdc

(
vrefdc − vdc

)
(A1)

According to the linearized DC-link voltage dynamic equa-
tion, the transfer function from ∆re to ∆vdc can be derived
as:

G1 (s) =
∆vdc
∆re

=
−K1

Cs+K2
(A2)

where K1 = v2gd

/
(vrefdc R

2
e), K2 = (v2gd

/
(vref2dc Re)) +

(1/RL).
Then the open loop transfer function of voltage loop of REC

can be described as:

Gdcop(s) =
K1kpds+K1kid
Cs2 +K2s

(A3)

Fig. 18. Experimental results of the VSR with both method when P =
2.3kW. (a) DCC; (b) REC

Fig. 19. Measured execution time of REC and DCC.

The open-loop amplitude-frequency characteristics can be
calculated by substituting s = jω into (A3):

Gdcop(jωd) =
K1kpdωdj +K1kid
−Cωd2 +K2ωdj

= a+ bj (A4)

The open-loop amplitude-frequency characteristics G (jωd)
can also be expressed as:

G (jωd) = r cos θ + jr sin θ (A5)

where r = |G (jωd)| = 1, θ = γ − 180◦ and γ is the phase
margin. Based on A(4) and A(5), kpd and kid can be solved
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as: 
kpd =

(C2ω4
d +K2

2ω
2
d)(K2cosθ − Cωdsinθ)

K1K2
2ω

2
d + C2K1ω4

d

kid =
−(C2ω4

d +K2
2ω

2
d)(Cωdcosθ +K2sinθ)

K1K2
2ω

2
d + C2K1ω3

d

(A6)

2) AC Control Loop of DCC: In the AC control loop, a PI
current controller eliminating the dq cross coupling with PCC
voltage feedforward is designed as:

vcref = −(kpa +
kia
s

)(iref −Gv2ic)− jωgLGv2ic +Gv1E
c

(A7)
where Gv1 and Gv2 are first-order low-pass feedforward filter
of current sampling and PCC voltage sampling, respectively.

According to [10], kpa = ωciL, ωci is the bandwidth of
current loop and ωci = 0.05ωsw, where ωsw is the angular
switching frequency. And a small kia is employed to remove
the steady-state impact of mismatch between actual and model
inductances.

3) DC Control loop of DCC: In the direct-voltage control
loop, a PI voltage controller is employed:

idref =

(
kpd +

kid
s

)
︸ ︷︷ ︸

Fdc

(v∗dc)
2 − v2dc
2

(A8)

kpd and kid can be determined by DC-link voltage loop band-
width ωd and phase margin. The open-loop transfer function
can be written as (the closed-loop transfer function of the
current loop Gci ≈ 1 ):

Gdcop =
kpdE0RLs+ kidE0RL

RLCs2 + 2s
(A9)

The open-loop amplitude frequency characteristics can be
calculated by substituting s = jω into (A9):

Gdcop(jωd) =
kpdE0RLωdj + kidE0RL
−RLCωd2 + 2ωdj

= a+ bj (A10)

Same as before, kpd and kid can be solved as:
kpd =

(
−R2

LC
2ω3

d +RLCω
2
d − 4

)
cos θ + 2RLCω

2
d sin θ

2E0RLωd

kid =
− (cos θ + 2 sin θ)

(
R2
LC

2ωd
3 + 4ωd

)
E0R3

LC
2ω2

d + 4E0RL
(A11)

4) Synchronization Loop (PLL) of DCC: In the synchro-
nization loop, a PI controller is designed to output the instan-
taneous frequency deviation:

∆ω =

(
kpp +

kip
s

)
︸ ︷︷ ︸

FPLL

∆Eq (A12)

The error angle ∆θ can be derived as:

∆θ =
kpps+ kip

s2 + E0kpps+ E0kip︸ ︷︷ ︸
GPLL

∆Eq (A13)

kpp is selected as kpp = ωp/E0, ωp is the bandwidth of the
synchronization loop. ωp is selected as ωp ≤ 0.1ωci to reject
PCC voltage harmonics.

B. Notations of DCC Admittance

yi1 =
(1−GdGv1)(Lfs+GdGv2Fac)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2 (A14)

yi2 =
i0qHPLL(Lfs+GdGv2Fac)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2−

ωgLf (GdGv2 − 1)(1−GdGv1 − i0dHPLL)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2

(A15)

yi3 =
−ωgLf (1−GdGv1)(1−GdGv2)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2 (A16)

yi4 =
(sLf +GdGv2Fac)(1−GdGv1 − i0dHPLL)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2 −

i0qωgLfHPLL(1−GdGv2)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2

(A17)

gc1 =
GdFac(Ls+GdGv2Fac)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2 (A18)

gc2 =
−ωgLfGdFac(1−GdGv2)

(Lfs+GdGv2Fac)
2

+ ω2
gL

2
f (GdGv2 − 1)

2 (A19)

Gddc = −
3
4 (i0d + (E0 − Lf i0ds)yi1)

1
2Cdcs+ 1

RL
+ 3

4 (E0 − Lf i0ds)gc1Fdc
(A20)

Gddc = −
3
4 (E0 − Lf i0ds)yi2

1
2Cdcs+ 1

RL
+ 3

4 (E0 − Lf i0ds)gc1Fdc
(A21)
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