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ABSTRACT This paper proposes an improved three-stages cascading passivity-based control (PBC) for a
grid -connected LCL converter in unbalanced weak grid condition. In general, the traditional double-loop
control based on positive and negative sequence transformations is used in grid-connected converter control
in unbalanced weak grid condition. However, it is time consuming for second harmonic filtering, and
positive and negative sequence currents need to be controlled separately. The PBC has strong robustness
to interference, and the line voltage based PBC can deal with the voltage unbalance effectively and easily
without negative sequence transformation. But the traditional PBC needs six variables and three damping
coefficients for the grid-connected LCL converter in unbalanced grid condition, and it has the disadvantage of
difficult implementation. The improved PBC can realize the same control effect with three-stages cascading
PBCs of two variables and one damping coefficient, and it has the advantages of easy implementation,
good performance and high stability. First, the modeling and controller design are detailed described.
Then the SIMULINK simulation results demonstrate the benefits of the improved control strategy. Finally,
a grid-connected LCL converter prototype of 5kW is built and the experimental results verify the correctness
and effectivity of the improved three-stages PBC strategy.

INDEX TERMS Improved passivity-based control, LCL converter, unbalanced weak grid.

I. INTRODUCTION
A grid-connected converter is a connector between AC
power grid and DC power supply or DC load. Thus,
it plays a significant role of power injection from dis-
tributed energy source to AC grid, such as PV and wind
power energy source [1], [2]. However, compared with tradi-
tional energy source, the grid-connected converter’s voltages,
which are based on pulse width modulation (PWM), are pulse
waves with multiple harmonics, and some measures must be
taken to reduce and even eliminate these harmonics [3], [4].

A low-pass passive filter is normally used to eliminate
harmonics and improve power quality of the grid-connected
converter. Compared with a L-type filter, a LCL-type filter
has the advantages of smaller inductor, lower cost and higher
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harmonic elimination rate, but a LCL-type filter also has the
risk of resonance, especially in weak grid condition [5], [6].

A weak grid does widely exist, especially in remote micro-
grid formed by distributed energy source. Particularly, there
are usually long distant transmission line and multi-stages
transformers between the micro-grid and the power grid. As a
result, the grid often suffers from high grid impedance and
low short circuit capacity, and these form the characteristics
of weak grid [7]. In addition, there also has high probability
of unbalance voltages, because of high grid impedance and
three-phases unbalance loads or single-phase loads [8].

In a weak grid, the point of common coupling (PCC) volt-
ages have nonnegligible impedance and unbalance voltages
with multiple harmonics. Furthermore the ‘polluted’ voltages
and internal impedance influence the grid-connected LCL
converter’s operation, cause resonance, and even destroy its
stability [9], [10]. Thus, some measures must be taken to deal
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FIGURE 1. Equivalent topology of the grid-connected LCL converter in weak grid.

with the possible resonance and instability of the grid-connect
LCL converter in unbalanced weak grid.

To avoid LCL filter resonance, passive damping (PD)
and active damping (AD) are often used. The PD is easily
applied with a paralleled or a series connected damping
resistor to damp the resonant frequency, but it increases
power loss and decreases power efficiency. Compared with
PD, AD is lossless and costless. However, AD needs capac-
itor currents or capacitor voltages feedback. The capaci-
tor currents-based AD needs high-precision current sensor
and controller, the capacitor voltages-based AD needs high
bandwidth switching devices and digital differentiator, which
often results in amplifies noises [11], [12].

In the grid-connected converter studies, the linear control
strategies, which includes PI control, PR control, and so on,
are early used. However, the linear converter cannot achieve
accurate control, and it is also difficult to achieve global stable
control. So more and more nonlinear control strategies are
applied to the grid-connected converter, such as the predictive
control (PRC) [13]. Obviously, nonlinear control strategy
is one of the most promising techniques to reduce or even
remove the oscillation, and to achieve the high robustness of
the system. However, nonlinear control strategies are mostly
difficult to realize the real time control with complex mod-
elling and a large amount of computation.

In the weak grid studies, a robust current control is used
to improve the converter’s stability [14], a grid impedance
estimation based adaptive control is used to maintain the
converter’s stable operation in [15], a quasi-proportional res-
onance feedforward control is used to enhance the converter’s
robust ability [16], a small-signal disturbance compensation
control is used to mitigate the weak grid’s influence [17],
a novel grid voltage feedforward control is used to suppress
the effect of grid voltage harmonics [18], all these studies
greatly improve the performance of the converter in weak
grid. However, the studies are mainly based on traditional
nonlinear control, some complex models are needed, and a
large amount of computation are also needed in practical
application. In view of these studies, a valid nonlinear control
strategy, which has fewer parameters, simple design, easy

application and good performance, should be conducted to
improve the grid connected LCL converter’s performance in
unbalanced weak grid condition.

The passivity-based control (PBC), which was proposed
by R. Ortega and M. Spong in 1989, can be stable glob-
ally in nonlinear system and has the advantages of simple
design and easy implementation [19], [20], and it has been
used in power conversion system [21], rectifier [22], [23],
PV [20], [24], STATCOM [25] and other grid-connected LCL
converter [26], [27]. Obviously, all these studies promote
electrical applications of PBC. However, there are oftenmany
state variables and damping parameters in traditional PBC,
and it is difficult to adjust these parameters in practical
application.

The major contribution of this paper is to propose an
improved three-stages cascading PBC, a traditional PBCwith
six-variables is decomposed to three cascading PBCs with
two-variables, and each PBC has only one parameter, which
makes it easy to use in practical application.

This paper is organized as follows. In Section II,
the equivalent topology is introduced and analysed thor-
oughly. In Section III, the mathematical models based on
Euler-Lagrange (EL) equations are proposed. In Section IV,
the improved three-stages cascading PBC controller is
designed. Later in Section V and VI, the simulation and
prototype experiment results are given separately. Finally,
a conclusion is given in Section VII.

II. EQUIVALENT TOPOLOGY ANALYSIS
Fig. 1 shows equivalent topology of a grid-connected LCL
converter in weak grid condition. The converter is made up of
three parts: The part I is a three-phases two-levels converter,
and Ra2, Rb2 and Rc2 are used to simulate its conducting
and switching losses, and the currents and voltages are ioa,
iob, ioc, voa, vob and voc, respectively. The part II is a LCL-
type low-pass filter. Ra1, Rb1 and Rc1 are used to simulate
the series losses related with currents, and Gfa, Gfb and Gfc
are used to simulate the paralle1 losses related with voltages,
and the LCL filter voltages are vfa, vfb and vfc, respectively.
The part III is a weak grid source. Rsa, Rsb, Rsc, Lsa, Lsb and
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Lsc are used to simulate the internal resistors and inductors,
respectively. va, vb and vc are the power source voltages, and
vsa, vsb and vsc are PCC voltages.
According to Kirchhoff voltage law (KVL) and Kirchhoff

current law (KCL), the converter voltages and currents differ-
ential equations can be expressed as follow,

(Lsi + Li1)
disi
dt
+ (Rsi + Ri1)isi + vfi = vi, i = a,b,c

Li2
dioi
dt
+ Ri2ioi − vfi = −voi, i = a,b,c

Ci
dvfi
dt
− isi + ioi + Gfivfi = 0, i = a,b,c

(1)

where isi and ioi are grid currents and converter currents, vfi
are filter voltages, vi are power source voltages, and voi are
converter voltages, respectively.

III. MATHEMATICAL MODEL OF GRID-CONNECTED LCL
CONVERTER
A. MODEL IN ABC COORDINATES
Considering that a three-phases three-lines converter meets
isa + isb + isc = 0 and ioa + iob + ioc = 0 all the time, it can
be derived that,

Ls1
disa
dt
+ Rs1isa +

vfab − vfca
3

=
vab- vca

3
Ls1

disb
dt
+ Rs1isb +

vfbc − vfab
3

=
vbc- vab

3
Ls1

disc
dt
+ Rs1isc +

vfca − vfbc
3

=
vca- vbc

3
,

(2)


L2

dioa
dt
+ R2ioa −

vfab − vfca
3

= −
voab − voca

3
L2

diob
dt
+ R2iob −

vfbc − vfab
3

= −
vobc − voab

3
L2

dioc
dt
+ R2ioc −

vfca − vfbc
3

= −
voca − vobc

3
,

(3)


C
dvfab
dt
− isa + isb + ioa − iob + Gfvfab = 0

C
dvfbc
dt
− isb + isc + iob − ioc + Gfvfbc = 0

C
dvfca
dt
− isc + isa + ioc − ioa + Gfvfca = 0,

(4)

where Ls1 = Ls + L1, Rs1 = Rs + R1, vab, vbc, vca, vfab, vfbc,
vfca voab, vobc and voca are line voltages of power source, LCL
filter and converter, respectively.

B. MODEL IN DQ COORDINATES
The synchronous rotation coordinate is adopted, and the dq
voltages and currents are shown as

(
isd
isq

)
= T1

 isa
isb
isc

 ,( iod
ioq

)
= T1

 ioa
iob
ioc

 , (5)

(
vd
vq

)
= T2

 vab
vbc
vca

 ,

(
vfd
vfq

)
= T2

 vfab
vfbc
vfca

 ,( vod
voq

)
= T2

 voab
vobc
voca

 , (6)

where isd, isq, iod and ioq are dq coordinate currents, vd,
vq, vod, voq, vfd and vfq are dq coordinate voltages, T1 and
T2 are transform matrices from abc coordinate to dq coordi-
nate as

T1

=
2
3

(
cos(ωt) cos(ωt−2π/3) cos(ωt+2π/3)
− sin(ωt) − sin(ωt−2π/3) − sin(ωt+2π/3)

)
,(7)

T2

=
2
3

(
cos(ωt + π/6) cos(ωt−π/2) cos(ωt+5π/6)
−sin(ωt + π/6) − sin(ωt−π/2) − sin(ωt+5π/6)

)
.

(8)

Thus, the equation (2)-(4) can be expressed as
Ls1

disd
dt
+ Rs1isd − ωLs1isq +

vfd
√
3
=

vd
√
3

Ls1
disq
dt
+ ωLs1isd + Rs1isq +

vfq
√
3
=

vq
√
3
,

(9)


L2

diod
dt
+ R2iod − ωL2ioq −

vfd
√
3
= −

vod
√
3

L2
dioq
dt
+ ωL2iod + R2ioq −

vfq
√
3
= −

voq
√
3
,

(10)


Ls1

disd
dt
+ Rs1isd − ωLs1isq +

vfd
√
3
=

vd
√
3

Cf

3
dvfd
dt
−

isd
√
3
+
iod
√
3
+
Gf

3
vfd −

ωCf

3
vfq = 0

Cf

3
dvfq
dt
−

isq
√
3
+

ioq
√
3
+
ωCf

3
vfd +

Gf

3
vfq = 0.

(11)

Then, the mathematical model of the weak grid-connected
LCL converter in EL form is naturally achieved.

M
•

X +JX + RX = V , (12)

where M is a positive definite symmetric coefficient matrix,
that isMT

=M. J is an anti-symmetric coefficient matrix, that
is JT= −J. R is a positive coefficient matrix, that is RT

= R.
And it satisfies R > 0, which means that the converter has
dissipative character. X is the state vector, and V is the input
vector.

J =



0 −ωLs1 0 0 1/
√
3 0

ωLs1 0 0 0 0 1/
√
3

0 0 0 −ωL2 −1/
√
3 0

0 0 ωL2 0 0 −1/
√
3

-1/
√
3 0 1/

√
3 0 0 −ωCf/3

0 -1/
√
3 0 1/

√
3 ωCf/3 0


,

(13)

M = diag
(
Ls1 Ls1 L2 L2 Cf/3 Cf/3

)
, (14)

R = diag
(
Rs1 Rs1 R2 R2 Gf/3 Gf/3

)
, (15)

X =
(
isd isq iod ioq vfd vfq

)T
, (16)

V = 1/
√
3
(
vd vq −vod −voq 0 0

)T
. (17)
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C. PASSIVITY OF LCL CONVERTER
It is assumed that the storage energy function is

H =
1
2
XTMX =

1
2
(Ls1i2sd + Ls1i

2
sq + L2i

2
od + L2i

2
oq

+
Cf

3
v2fd +

Cf

3
v2fq) ≥ 0. (18)

Therefore, the following equations can be derived as
·

H = XTM
·

X = XT(V − JX − RX)

= XTV − XTRX = XTV − Q(X) (19)

It can be seen thatH(X) is a positive semi-definite function
andQ(X) is a positive definite function, and if the output vari-
ables Y is set as X, the energy supply rate X TV is valid to any
input variable V, that is to say that the weak grid-connected
LCL converter is strictly passive according to the passivity
theory.

IV. PASSIVITY BASED CONTROL OF GRID-CONNECTED
LCL CONVERTER
A. TRADITIONAL PBC CONTROL
Considering that the PCC voltage is measured in the applica-
tion, vsd, vsq, L1 and R1 are used instead of vd, vq, Ls1 and Rs1
in (12), where vsd and vsq are dq coordinate PCC voltages.

Assuming X∗ = (i∗sd i
∗
sqi
∗

odi
∗
oq v
∗

fdv
∗

fq)
T is the control goal,

the error vector is Xe = X–X∗. In order to accelerate X
converge to X

∗

, a damping injecting matrix Rd= diag{r11
r11r22r22g33 g33} is used, where r11, r22 and g33 are positive
constants. And the model with state vector X can be further
descripted with error vector Xe as

M
•

Xe+(R+ Rd)Xe = V−(M
•

X ∗+JX + RX∗ − RdXe).

(20)

Therefore, the traditional PBC controller can be selected as

V = M
•

X ∗+JX + RX∗ − RdXe. (21)

The traditional PBC control has six state variables, six
input variables and three damping parameters, and it is often
difficult to adjust these parameters in practical application.

B. IMPROVED PBC CONTROL
To simplify the traditional PBC control, it can be further
decomposed to three-stages cascading PBCs by selecting
appropriate state variables and input variables. According
to (12), we can get three mathematical models in EL form as

Mk Ẋk + JkXk + RkXk = V k , k = 1,2,3, (22)

where

M1 = L1

(
1 0
0 1

)
, J1 = ωL1

(
0 −1
1 0

)
,

R1 = R1

(
1 0
0 1

)
,

X1 =

(
isd isq

)T
,V1 = 1/

√
3
(
vsd − vfd vsq − vfq

)T
,

(23)



M2=L2

(
1 0
0 1

)
, J2 = ωL2

(
0 −1
1 0

)
,

R2 = R2

(
1 0
0 1

)
,

X2 =

(
iod ioq

)T
,V2=1/

√
3
(
vfd − vod vfq − voq

)T
,

(24)

M3 =
Cf

3

(
1 0
0 1

)
, J3 =

ωCf

3

(
0 −1
1 0

)
,

R3 =
Gf

3

(
1 0
0 1

)
,

X3 =

(
vfd vfq

)T
,V3 = 1/

√
3
(
isd − iod isq − ioq

)T
.

(25)

Therefore, the improved three-stages cascading PBC con-
troller can be selected as

V k = Mk
•

Xk
∗
+ JkXk + RkXk

∗
− RdkXek , k = 1,2,3,

(26)

where Rd1= diag{r11 r11}, Rd2= diag{r22r22} and Rd3=

diag{g33 g33} are damping injecting matrices.
It can be seen that there are two state variables, two input

variables and one damping coefficient in each PBC controller.
In addition, the output of PBC1 is related to the reference
of PBC3, and the output of PBC3 is related to the reference
of PBC2, so these three PBC controllers are cascading con-
nected as shown in Fig.2. At the meantime, the grid currents
are only used in PBC1 controller, filter voltages are only
used in PBC3 controller, converter currents are only used in
PBC2 controller, and it means that the grid currents, filter
voltages and converter currents are decoupled in the improved
PBC control strategy.

C. STATE VECTOR REFERENCE
The grid current object is X∗1 = (i∗sd, i

∗
sq)

T, where i∗sd can be
decided by the DC voltage PI controller, that is

i∗sd = (kp +
ki
s
)(v∗dc − vdc), (27)

where kp and ki are proportional and integral coefficients,
v∗dc and vdc are dc voltage reference and value, and the grid
current reference i∗sq can be set according to requirement. And
the objects X∗2 and X

∗

3 can be decided asX3
∗
=
(
vsd vsq

)T
−
√
3V1,

X2
∗
=

(
isd isq

)T
−
√
3V3,

(28)

where V1 can be get from the PBC1 control result, and V3

can be get from the PBC3 control result.

D. CONVERTER VOLTAGES REFERENCE
According to the improved control strategy, the three-stages
cascading PBC’s output are vod and voq, then we can further
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FIGURE 2. The improved three-stages PBC of the grid-connected LCL converter.

FIGURE 3. Three-stages cascading PBC control diagram of a grid connected LCL converter. (a) three-stages cascading PBC. (b) LCL filter with time
delay considered.

get the converter’s line and phase voltages as voab
vobc
voca

 = T−12

(
vod
voq

)
,

 voa
vob
voc


=

1
3

 1 0 −1
−1 1 0
0 −1 1

 voab
vobc
voca

 , (29)

and a SPWMor SVM pulse modulation mode can be selected
to generate pulses to drive switches Sa1-Sc2.

E. STABILITY ANALYSIS
The stability analysis of the improved three-stages cascading
passivity-based control of grid-connected LCL converter is
carried out, and the control diagram is shown in Fig.3.

The open loop transfer function of the improved PBC
control LCL converter can be obtained as

GCON =
isd
i∗sd
=

S3N3 + S2N2 + SN1 + N0

S4M4 + S3M3 + S2M2 + SM1 +M0
, (30)

where N3-N0 andM4-M0 are

N3 = L1L2Cf,

N2 = [L1(R2 + r22)+ L2(R1 + r11)]Cf + L1L2(Gf + 3g33),

N1 = [L1(R2 + r22)+ L2(R1 + r11)](Gf + 3g33)

+(R1 + r11)(R2 + r22)Cf,

N0 = (R1 + r11)(R2 + r22)(Gf + 3g33). (31)

M4 = 1.5TsL1L2Cf,

M3 = 1.5Ts(L1R2Cf + L2R1Cf + L1L2Gf)+ L1L2Cf,

M2 = 1.5Ts(L1R2Gf + L2R1Gf + R1R2Cf)

+(L1R2Cf + L2R1Cf + L1L2Gf),

M1 = 1.5Ts(R1R2Gf)+ (L1R2Gf + L2R1Gf + R1R2Cf),

M0 = R1R2Gf. (32)

According to the open-loop transfer function shown in
equation (30), the Bode diagram of the three-stages cascading
PBC control strategy can be obtained in Fig.4. It shows
that the phase margin and magnitude margin are 54.1◦ and
11.6dB, respectively, and the system is stable.
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FIGURE 4. Bode diagram of open-loop system with three-stages
cascading PBC.

V. SIMULATION VERIFICATION
To verify the improved three-stages cascading PBC of grid
connected LCL converter in unbalanced weak grid condition,
SIMULINK simulations in different weak grid conditions are
carried out, the main circuit parameters are shown in Table 1,
and the control coefficients are shown in Table 2.

A. STRONG GRID SIMULATION
A strong grid is simulated by the power source whose internal
resistance and inductance are all zeros. In Fig.5(a), the DC
voltage stays at the reference value at the first. At the time t4,
a 50� resistor is put in the DC capacitor, and the currents
track the active current step rapidly, whose response time
is less than 5ms. In Fig.5 (b), at the time t5, t6, t7 and t8,
the reactive current reference is set as 20A, 0A, −20A and
20A, respectively, and the currents also track the reactive
current references step rapidly, whose response time is also
less than 5ms all the time. The currents’ total harmonic dis-
tortion (THD) is less than 2.39% in the strong grid simulation
process.

FIGURE 5. PCC voltages and currents waveforms in strong grid simulation.
(a) In active current step. (b) In capacitive and inductive currents step.

B. WEAK GRID SIMULATION
In the simulation, the power source internal resistance and
inductance are used to simulate weak grid. In Fig.6 (a),
the power sources are perfect sinusoidal waves at the first, and
the converter outputs 20A capacitive current. At the time t9,

TABLE 1. Main circuit parasmeters of simulation.

TABLE 2. Control coefficients of simulation.

FIGURE 6. PCC voltages and currents waveforms in weak grid simulation.
(a) In reactive current step. (b) In active current step.

the internal resistance and inductance are set as 0.5� and
10mH, respectively. The PCC voltages waves deteriorate with
total harmonic distortion (THD) of 7.59%, but the currents are
still sinusoidal balanced waves with same amplitudes, and the
currents’ THD is 3.83%. At the time t10, the reference current
is set as −20A inductive current, the PCC voltages decrease,
however the currents track the reactive current step with same
sinusoidal balanced waves and same amplitudes.

In Fig.6 (b), the power sources are perfect sinusoidal
waves with 100� resistor load at the first. At the time t11,
the power source internal resistance and inductance are set as
0.5� and 10mH, respectively, and the PCC voltages waves
deteriorate with many harmonics. However, the currents are
still perfect sinusoidal balanced waves with same amplitude.
At the time t12, another 100� resistor load is put in, the cur-
rents are still perfect sinusoidal balanced waves with twice
amplitude.
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FIGURE 7. PCC voltages and currents waveforms in unbalanced weak grid
simulation. (a) In reactive power state. (b) In active power state.

FIGURE 8. The downsized LCL prototype.

C. UNBALANCED WEAK GRID SIMULATION
In Fig. 7(a), the power sources are balanced weak grid at
the first, and the converter outputs -20A reactive current.
At the time t13 and t14, vsa and vsb drop by 30% and 40%,
respectively, the currents are still sinusoidal balanced waves
with same amplitude all the time in unbalanced weak grid
condition. In Fig. 7(b), the power sources are balanced weak
grid at the first, and the converter’s load is 100� resistor.
Similarly, at the time t15 and t16, vsa and vsb drop by 30% and
40%, respectively, the currents are still sinusoidal balanced
waves with same amplitude all the time in unbalanced weak
grid condition.

Through the simulations, we can conclude that in whatever
strong grid, weak grid or unbalanced weak grid, in what-
ever active or reactive power state, the improved three-stages
PBC can stabilize the system, response to control command
rapidly, and the currents are balanced sinusoidal waves all
the time.

VI. EXPERIMENTAL VERIFICATION
To further verify the effectiveness of the improved three-
stages cascading PBC strategy, a downsized grid-connected
LCL converter prototype of 5kW is built, as shown in Fig.8,

TABLE 3. Main circuit parameters of prototype.

FIGURE 9. PCC voltage, currents and DC voltage waveforms in strong grid
experiment. (a) From inductive to capacitive current step. (b) From
capacitive to inductive current step. (c) Active current step.

and various experiments are also conducted in the prototype.
The main circuit parameters are shown in Table 3, and the
control coefficients are shown in Table 4.

A. STRONG GRID EXPERIMENT
In the experiment, the strong grid is supplied by Chroma
61845 power supply. In Fig. 9(a) and (b), the converter

VOLUME 9, 2021 89503



J. Li et al.: Improved Three-Stages Cascading PBC of Grid-Connected LCL Converter

TABLE 4. Control coefficients of prototype.

FIGURE 10. PCC voltages and currents waveforms in weak grid
experiment. (a) From strong to weak grid condition. (b) From weak to
strong grid condition.

outputs −10A inductive current at the first. At the time
t1 and t2, the current reference is set as 10A (capacitive)
and -10A (inductive), respectively, the converter tracks the
reference current step quickly, and the DC voltage has no
obvious fluctuation. In Fig. 9(c), the converter DC voltage
stays at 400V. At the time t3, a 50� resistor is put in the
DC capacitor. Then, the DC voltage drops about 120V, and
it recovers quickly to the reference voltage again after 20ms
transient process. The converter currents track the active
current reference step rapidly, and its response time is less
than 20ms. The currents’ THD is 3.46% in the strong grid
experiment process.

B. WEAK GRID EXPERIMENT
In the experiment, the weak grid is supplied by 110V funda-
mental voltagewith 5.5V 3rd harmonic, 11V 5th harmonic and
16.5V 7th harmonic voltages. In Fig. 10, the power sources
are perfect sinusoidal waves at the first, and the converter
outputs 10A reactive current. At the time t4, the 3rd, 5th and
7th harmonics are set as 5.5V, 11V and 16.5V, respectively.

FIGURE 11. PCC voltages and currents waveforms in unbalanced grid
experiment. (a) From balanced to unbalanced grid condition. (b) From
unbalanced to balanced grid condition.

As a result, the PCC voltages deteriorate with THD of 18.7%.
However, the currents are still sinusoidal balancedwaveswith
same amplitude, and the currents’ THD is 4.23%. At the time
t5, the 3rd, 5th and 7th harmonics are all reset as 0V, the PCC
voltages restore to perfect sinusoidal waves, and the currents
are still perfect sinusoidal balanced waves with same ampli-
tude. Because there is a phase shift at the time t4, the currents
return to normal waveform after a transient process.

C. UNBALANCED GRID EXPERIMENT
In Fig. 11, the power sources are balanced grid at the first,
and the converter outputs 10A reactive current. At the time t6,
vsa drops by 50%, and the currents are still perfect sinusoidal
balanced waves with same amplitude. At the time t7, vsa
restores to the normal voltage, and the currents are still perfect
sinusoidal balanced waves of same amplitude in the whole
process.

Through the experiment, we can also conclude that in
whatever strong grid, weak grid or unbalanced grid, in what-
ever active or reactive power state, the improved three-stages
cascading PBC strategy can track the reference current
rapidly with sinusoidal and balanced waves.

VII. CONCLUSION
In this paper, an improved three-stages cascading PBC strat-
egy of a grid-connected LCL converter is proposed, and
theory analysis, controller design, SIMULINK simulation
and prototype experiment are studied respectively. The sim-
ulations and prototype experiments in strong grid, weak
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grid and unbalanced grid are carried out respectively, and
the results show that the converter currents are balanced
sinusoidal waves all the time with good static and dynamic
characteristics. Comparedwith traditional PBC, the improved
three-stages cascading PBC has the advantages of easy imple-
mentation because of state variables decomposition and cas-
cading control.
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