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Abstract: Current sharing control is a challenge for a discontinuous conduction mode (DCM)
micro-inverter based on interleaved flyback topology. To solve this problem, this study proposes
a novel and systemic model-based approach. Firstly, an accurate fourth-order model is presented
for the interleaved flyback circuit, which takes the two flybacks” parameter mismatch and coupling
into account. Secondly, based on the presented model, a continuous time sliding mode current
controller is proposed to tackle the output imbalance caused by parameter mismatch, coupling and
disturbance. The proposed controller is derived from the Lyapunov function without switching
conditions. Finally, the effectiveness of the proposed model and control method is validated by
simulation tests using MATLAB/SIMULINK. Simulation results show that the proposed approach
improves the current sharing for the interleaved flyback micro-inverter when compared to the
conventional current sharing approach.

Keywords: accurate modeling; sliding mode control (SMC); current control; interleaved flyback

1. Introduction

In recent years, power generation technology has been a popular research topic in the photovoltaic
(PV) and wind energy field [1-3]. The typical PV generation module, which is called the micro-inverter,
makes it possible to realize the individual maximum power point tracking (MPPT) of each PV
panel. While a large number of studies have been done on the topology and control strategy for
the micro-inverters [4—6], the flyback topology has attracted significant interest due to its simple
structure, low cost and high reliability. It not only enables individual operation of each module,
but also reduces the power loss caused by the mismatch between modules [7-9]. Furthermore,
the parallel and interleaved structure of the flyback can reduce the system loss, decrease current ripple,
prevent the single point failure, and offer ‘plug and play’ feature to the system [10-13].

Flyback converters operating in discontinuous conduction mode (DCM) are widely used because
their output current is easy to control [14]. Despite much research [14-16] having been conducted
on the DCM converter with regard to conversion efficiency enhancement, harmonic reduction and
compensation of output current phase-leg, the current sharing between dual-flyback converters has
been ignored under the assumption that the design parameters of the two flyback converters are
the same. However, such an assumption is not generally true in the industrial field, as the precise
parameters may not be guaranteed under a cost-effective manufacturing procedure. Additionally,
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the two converters would not be operating under the exact same conditions in practice due to parameter
variations caused by device ageing and other uncertainties. Together with the coupling between
the two flyback converters, the parameter mismatch could cause the output current imbalance,
which potentially overloads one of the converters. Consequently, the efficiency and reliability of
the micro-converter system drops. In the worst case, the output current imbalance may cause
the overloaded converter to suffer from thermal runaway [17,18]. Although there has been a
great deal of research into dynamic performances such as conversion efficiency and output current
ripple, current sharing has not been completely studied. To address the output imbalance issue,
current sharing control strategies for the dual-flyback converters should be studied, the aim of which
would be to build up an accurate model describing the dynamic characteristic of the converters and
their couplings.

When converters such as buck, boost and flyback operate in DCM, there are two modeling
methods, namely, the average small-signal [16,19-21] and the duty-ratio constraint method [22-28].
The average small-signal modeling method has mainly been employed to study system conversion
efficiency [16,20] and harmonic distortion [19,21]. The average small-signal modeling method
is over-simplified through ignoring the equivalent series resistances of the inductances in
primary/secondary side of transformer, which could result in large differences and discrepancies at
high frequencies due to the high-frequency pole. The duty-radio constraint method is a modified
average-state-space method, in which the parasitic parameters of the converter can be taken into
consideration. Consequently, the resulting models have good dynamic performance at low frequency
and at high frequency [22]. Accordingly, the models based on the duty-ratio constraint method have
been widely employed in application fields that call for high accuracy models, such as studying the
relationship of the transfer function of the duty-cycle to the weighted-output-voltage of single-input
multiple-output flyback converters [23], analyzing the influence of parasitic parameters on input
current distortion with a boost power factor correction converter [24], and discussing power flow
between two inputs of an interleaved-boost full-bridge three-port converter [25]. Considering that
current sharing requires a precise model of flyback micro-inverter, the duty-ratio constraint method is
a good candidate for modeling, but the modeling issue has not been covered in the existing literature.

The available methods of achieving current sharing can be categorized into two types,
hardware-added type [29-31] and hardware-free type. The first type requires additional hardware,
such as equivalent resonant capacitor and series bus capacitors, which would increase the system
cost directly. The second type uses a current sharing control method, which includes the droop
control method [32-34], distributed control method [35] and PI control [17,18]. The droop control
and distributed control have been applied to power supply modules. The droop control method
noted for being simple, inexpensive and efficient, since there is no communication connection among
power supply modules [33]. The distributed control method uses the consensus algorithm, in which
information such as current and voltage of the distributed modules is required [35]. The current
sharing is achieved through feedback of output signals to the control duty cycle, which could cause a
control delay compared to the method of controlling the primary side current directly [19]. Meanwhile,
these methods are inapplicable to the dual flyback converters when the duty cycles of two flyback
converters are unfixed. For the CCM interleaved flyback micro-inverter, the multiple PI controllers are
developed in [17,18] to achieve the current sharing, but they could not track the sinusoidal reference
current without static error [36] and may increase the total harmonic distortions (THDs) of system.
Besides, there are several parameters require to design for PI controllers, which increase the design
complexity. Therefore, the current sharing control for DCM flyback micro-inverter needs to be studied.

To solve the aforementioned issue, a model-based current sharing approach for the DCM
Interleaved Flyback micro-inverter is proposed in this paper. On one hand, the accurate and novel
full-fourth-order model is established in the DCM interleaved flyback micro-inverter, showing the
imbalance of the system parameters and coupling of the two flyback converters. On the other hand,
to solve the load imbalance caused by parameter imbalance and disturbance, a current controller
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based on sliding mode control (SMC) for dual-flyback converter is designed, which ensures equal
sharing of the injected current, and improves the dynamic performance of the system. In the proposed
SMC, the primary currents of the presented model are used as controlled variables to achieve current
sharing. This ensures equal sharing of the injected current and improves the dynamic performance
of the system. The remaining sections are organized as follows: the accurate fourth-order model
operating in DCM is introduced and analyzed in Section 2. The SMC controller is designed in Section 3,
and Section 4 presents the simulations in MATLAB/SIMULINK. Finally, Section 5 concludes the study.

2. Working Principle and Dynamic Modeling

2.1. Working Principle

The DCM interleaved flyback has been widely used in AC-PV modules, because its output current
is easy to control and it can achieve high efficiency [16]. Figure 1 illustrates the circuit of the interleaved
flyback micro-inverter, which is comprised of a PV module, an input capacitor Cyy, the Flyback 1
converter, the Flyback 2 converter, an unfolding H-bridge inverter (M;, My, M3, My) and an output CL
filter. V), is the PV voltage. n is the transformer turns ratio. Ly1, Ly2 are the primary magnetizing
inductances of the transformer, respectively. iy1, i are the primary currents of the transformer,
respectively. is1, isp are the secondary currents of the transformer, respectively. Lf is the filter inductor.
Cy is the filter capacitor. Ry1, Rp2 are the equivalent series resistances of the primary magnetizing
inductance, respectively. Rs1, R are the equivalent series resistances of the secondary magnetizing
inductance, respectively. Ry is the equivalent series resistance of the output filter inductor. D is main
MOSFET duty cycle.

Flyback 1 converter
Unfolding H-bridge
.Iin Diodel

AA Dl
WA—}
Ry s J
M4 M
—

M |3

Flyback 2 converter

Figure 1. The interleaved flyback mirco-inverter topology.

As shown in Figure 1, the circuit diagram is a double-stage topology. The preceding stage is made
up of a PV module and two flyback converters. This stage is controlled to extract maximum power
from the PV module and to provide a semi-sinusoidal output current. The post-stage circuit consists
of an unfolding H-bridge circuit, which forms a current-unfolding circuit for injecting sinusoidal AC
current into the grid. How to control switches Q; and Q, in the preceding stage is studied in this paper.

There are two circumstances (D > 0.5 or D < 0.5) for the PWM singles, which are used to control
switches Q; and Q; during one switching cycle [14]; the PWM waveforms are shown in detail in
Figure 2. Meanwhile, the corresponding equivalent circuits of steady-state operation are illustrated
in Figure 3, and Table 1 identifies the operating phases for switches and diodes (Q;, Q,, Diode 1
and Diode 2) with respect to the equivalent circuits. When D < 0.5, the primary and secondary
current waveforms of the interleaved flyback micro-inverter are shown in Figure 2b. The matching
current flowing paths in one switching cycle for steady-state path (1) are: Interval 1 — Interval 2
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— Interval 3 — Interval 4 — Interval 5 — Interval 3. When the next cycle arrives, the secondary
inductor currents is; and isp are reduced to zero, and the steady-state path (2) of matching the current
flow is Interval 1 — Interval 2 — Interval 3 — Interval 6 — Interval 4 — Interval 5 — Interval 3 —
Interval 6. Additionally, when D > 0.5, there are six current flowing paths during one switching cycle,
and the steady-state operation path is Interval 1 — Interval 2 — Interval 7 — Interval 4 — Interval 5 —
Interval 7. The model operating in steady-state path (1) is established and explicitly described below.

Table 1. Circuit steady-state operations.

Interval Switch Q1 Switch Q2 Diode 1 Diode 2

1 ON OFF OFF ON
2 ON OFF OFF OFF
3 OFF OFF ON ON
4 OFF ON ON OFF
5 OFF ON OFF OFF
6 OFF OFF OFF OFF
7 ON ON OFF OFF
A
&
: tV
A 2D-1 /
2_:: 1D
‘ (a) D>0.5 e
A
° -
ol P P t
@ Y H " H H
i i1-2 D
N
P P o
R {
t
: d ds m ima i
ts te >
t

(b) D<0.5

Figure 2. PWM and duty cycle for one switching period and the waveforms of iy;1, is1, im2, and isp
corresponding to switch Q1, Q2 and Duty cycle state.
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Figure 3. Equivalent circuits for different intervals in steady-state operation.

2.2. Accurate Dynamic Model in DCM Operation

In order to facilitate modeling and analysis, the following assumptions are made in this paper:

1. The DC side decoupling capacitor Cyy is large enough to neglect the current ripple across the Cpy;
The equivalent series resistances (ESR) of the inductances in primary/secondary side of
transformer and the output filter are considered. The transformer leakage inductance is ignored.

As shown in Figure 2b, one switching interval is divided into six subintervals.
Accurately representing the dynamic of the converter circuit, a precise full-order averaged
model [22,23,25] of the converter circuit is used.

H H
X = (Z (dkAk)> DX + (Z (dkBk)> 1
k=1 k=1

where X represents the average of x in one switching period. H denotes the number of steady-state
subintervals in the DCM interleaved flyback (H = 6). Ay and By, are presented as steady-state equations
in k-interval. Equation (1) revises the conventional state-space average equation through matrix ®,
which can accurately predict performance at high frequency (above one-tenth of the switching
frequency), particularly in the phase response [22].

1 1
q) = dzagl daff_l +don_1 def_2+d0n72 . 1 ‘| (2)

nr,

where doﬁcj =d3 + dy, duﬁﬁZ =dg +dy, don 1 =dq +dp and do, » = dg + ds. 1y denotes the number of
inductor currents of the transformer. d,, 1 and d,;,_» denote duty cycles of switches Q; and Q, when
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they are on, respectively. dyr 1 and dyg » represent the time intervals from turn-off of switches Q; and
Q; to the decreasing to zero of the transformer inductor currents, respectively.

From Equations (1) and (2), the state-space averaged large signal model of the interleaved flyback
micro-inverter is derived as

- R -
_ danj Rpl +doff_l le O 0 _ dnffj p
&, L Woatd ) L . o1
s N ] [0
diyp 0 _ on2Rpotd, f p 75 0 _lofa T dnz Voo
’Z.t - L z(dmLZJ"duff,Z) Lmz = + Lz J (3)
h m J R Lac O _1 ‘ V |
i 0 0 -H4£ 1 ! Ly §
dVac L¢ Ly Uac 0 0
dt don 1 d2,0n _ 1 0
an(dle +doff71) an(dz,an +d0ff,2) Cy i
The correlations between dyg j; = 1,2) and don_j(; = 1,2) are shown as follows
doff_l = 2Lm1im1/(d0n_l va(t) Ts) —don_1 “)
doffj = 2Lm2im2/ (don_zvpv(t) Ts) - don_2 (5)

According to Equations (4) and (5), and linearizing Equation (3), the small signal model is derived
as follows: . N
X(t) = ApcmX + Bpcmd + WpemZ ©)
y = { 0010 }f
~ T T T ~ T =~ ~ T
where X = [ iy w2 dac Uac | Z =]V Vg|
are derived in Appendix A.

, and the parameters Apcpy, Bpcy and Wpewm

2.3. Comparisons between the Accurate Dynamic Model and the Existing Model

To analyze the relationships between dual-flyback converters and output grid current of the
accurate dynamic model and existing models, the output current to duty cycle transfer functions of
these models are established. The analysis and comparisons between the accurate model and the
existing models are shown as follows.

2.3.1. The Proposed Fourth-Order Model

Assume the difference between Jon_l and zfon_z is ignored, then the condition of d= 151:7;1_1 = &Von_z
is satisfied. From Equation (6), the output current to duty cycle transfer function of the proposed
fourth-order model G4 is shown as

Guna(s) = fac(s) 4382 + aqs + ag
=) — d(s) s+ b3s® +bas? 4+ bis + by

@)

when the two flyback converters’ parameters are identical, the fourth-order model G4 is reduced to a
third-order model Gy3 1.

iac(s) c15 +¢o + ¢,

Garz_1(s) = As) S+ (2t L)+ (i + fu)s + (o + fo)

®)

2.3.2. The Third-Order Model Based on Single-Phase Flyback Converter

For the sake of simplification, by assuming the two flyback converters identical and connected
in parallel, some researchers have treated the dual-flyback micro-inverter as a single-phase flyback
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micro-inverter [23]. The third-order model G;;3 » based on a single-phase flyback converter is studied
instead of Gy3 1, which is expressed as

iac(8) _ c18 + ¢
d(s) S +ps?+js+jo

G 2(s) = )

2.3.3. The Second-Order Model Based on Average Small Signal

The second-order model based on a voltage-controlled current source is studied in [16,19,37-41].
This model is applied to reduce current stress and THDs and improve system efficiency.
The second-order model is expressed as

lqc hy
Gap = 7 P thstho (10)
where the parameters ay ~ag, by ~by, c1 ~co, ¢}, j2 ~jo, f2 ~fo and hy ~hg are given in Appendix A.

Comparing Equations (9) and (10), the second-order model is further simplified. The equivalent
parasitic resistances Rp1, Rp2, Rs1 and Rsp of transformer magnetizing inductance are ignored.
The model Gy, can only accurately predict the low-frequency behavior of the converter, but the
model G3 > can precisely predict the behavior of the converter at high and low frequencies [22], so the
model Gg3 » has more accuracy. On the other hand, G431 is much more accurate than G5 5 since the
coupling terms c{), f2, f1 and f( between dual-flyback are considered. In addition, G4 is better than
Gat3_1 since parameter mismatch is taken into account. Therefore, with all that analysis, the sequence
of models” accuracy is Ggra > Gg3 1 > Gz 2 > Ggo.

On the other hand, in the second-order model G4, and in the third-order model G3 2, the primary
magnetizing inductance currents i,,; and iy, are not used as state variables. Therefore, these two
models cannot be used to control the primary current to achieve current sharing. The proposed model
G4 In this paper shows the parameter inconsistency and coupling between the two flybacks, which are
the major sources of the current imbalance between the two flybacks. Meanwhile, the model takes
im1 and iy into account. Thus, it should be able to supply a solid basis to meet the current sharing
requirement. Plus, a model-based current balance control strategy could be developed based on the
proposed model.

3. Current Controller Using Sliding Mode Control

In this section, to solve the output imbalance between the two flybacks caused by coupling,
parameter inconsistency and disturbance, a novel sliding mode control (SMC) current controller is
designed, since the SMC would realize good dynamic response, strong robustness and good regulation
performance [42-45]. In this paper, the SMC current sharing controller is constructed based on the
presented accurate fourth-order mathematical model, and the target of current sharing is realized by
controlling the primary currents of dual-flyback converters to regulate the duty cycles of switches Q
and Q,. The flow chart for designing the sliding mode current sharing controller are shown in Figure 4.

Step 2: design current sharing

Step 1: established model
controller

Obtain the system parameters
(Lm1, Lz, G, Ly ...) 1. design sliding surface S.
2. design disturbance observer.
Established model contains [ > |3.design a sliding control law u
primary currents (in1 and in2) through Lyapunov energy function
and control v;ria)bles (don_1and V= %[STS H(r=F)T (M p)i(r=7)]

Figure 4. Flow chart for designing sliding mode current sharing controller.
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According to Figure 4, the design steps of SMC are as follows:
Step 1: A stable sliding surface is selected. Equation (6) can be written in matrix form as

u=Ax+Bx+r (11)
where x = [iy1 imo]?, u = [don_1 don_le, r is the external disturbances of the input and output voltages.
The parameters of matrix A, B and r are given in Appendix A.

e; and ep are defined as the current tracking errors of Flyback 1 and Flyback 2, respectively.
Meanwhile, e is defined as the error vector, e = [e; e5]”. The tracking error dynamics are

e1 = liref — im (12)
€2 = Ipref — im2

where, I1,,s and I, are the primary currents references of the Flyback 1 and Flyback 2 converters,
respectively, which are given in [16,19].
According to Equations (11) and (12), the current tracking errors dynamic can be written as:

¢=1I,;— A (u—r—Bx) (13)

where, the reference current I, is denoted as [, Lyef]". Let current sharing error « between two
circuits be presented as (e; — e;). Then the error matrix [e; e; a]T would be calculated from individual
tracking error by using the following transformation F:

{el e a}T:Fe (14)

10 1
01 -1
The overall objective of the controller is to minimize all the errors presented in Equation (14),
namely the current tracking error and the current sharing error of the interleaved flyback circuit.
Then a 3 x 1 dimensional sliding surface S is defined as:

where F =

T
S = 51 Sz S3 = AFe (15)

where A = diag (A1, Ay, A3) is the sliding coefficient, it defines the convergence speed of the errors on
the sliding surface.

Step 2: The disturbance observer is designed. To ensure the controller has good robustness and
the system has zero steady-state error, the disturbance observer is designed by integrating the sliding
surface. The disturbance observer is defined as

P = [ 2 ] :pﬁ/SdT:p,BAF/edT (16)

where p is the observer gain matrix, which is a tuning variable for the sliding mode controller. 8 is
coefficient matrix for limiting integral gain. Additionally, only when the transfer matrix pf satisfies
the following conditions is the integration performed.

_| mpr 00
Pﬁ—[ 0 p2p2 O ] (17)

Step 3. A stable SMC control law is derived (Barbalat Lemma [46]).



Energies 2018, 11, 1685 9 of 21

The stable SMC control law is presented as
u=Al,;+Bx+#+FAKS (18)

where the matrix K = diag(K1, Ky, K3) is a positive definite feedback gain matrix. The stability of the
system and errors asymptotically converge to the origin point, as proved in Appendix B.

Substituting Equation (16) into Equation (18), the synchronization sliding control law shown in
Equation (18) is revised. The modified sliding control law is:

IntegralGain
—

. . ——N—
U = Al +Bx+ pﬁ/ sdt + FIA-Ks (19)
= Airef + Bx + S(kp, smc + ki, smc/s)

proportional Gain

where, F~1 is the pseudo-inverse of F.

Equation (19) indicates the sliding mode control law u is made up of two items, (Afrgf + Bx)
and (kp, smc + ki, smc/s). The first item presents as feed-forward, which can improve the tracking
bandwidth and reject the measured disturbance, the parameters A and B of (Af ref + Bx) can be obtained
from system parameters. The second item can present as PI gain, so there are only two parameters
kp,sme and k; 5, need to design. In other words, the proposed sliding mode current sharing controller
converts the control problem of multiple PI controllers into a single PI controller, reducing complexity
of design.

4. Simulation

To prove the validity and feasibility of the proposed model and controller, the dynamic
performance is compared with the PI current control by MATLAB/Simulink (2016b, MathWorks,
Natick, MA, USA). A 250 W digitally controlled DCM interleaved flyback micro-inverter prototype
is designed, where each flyback circuit is 125 W, and the PV output voltage is 20 V-55 V. The system
parameters of the interleaved flyback micro-inverter are shown in Table 2, where the inductances
of the transformer secondary side are 216 uH, and Py is the rated power of the interleaved
flyback micro-inverter.

Table 2. System parameters.

Parameters Value Parameters Value
va 11 mF Rpll sz 0.15Q
Lm1/ LmZ 6 HH RSl/ Rsz 0.05 O
Cf 0.68 uF Rf 0.29 O)

Lf 600 uH Vg 220V

n 6 fe 50 Hz

fs 100 kHz Py 250 W

The control diagrams of SMC and PI current controller are illustrated in Figures 5 and 6,
respectively. Figure 5 demonstrates the proposed sliding mode current sharing control adopts an
open-loop control. The current sharing is achieved through sensing and controlling the primary switch
currents. In order to meet the consistency of the comparison conditions, the current open-loop control
mode is adopted in the conventional PI current sharing controller; the PI control diagram is indicated
in Figure 6. It shows the PI current sharing controller consists of 3 PI controllers, which increases
the design complexity. The designed sliding mode control law u is presented as Equation (17),
the parameters matrix A, B can be obtained from the system parameters. From Equation (19),
the coefficients of kj syc and k; . refer to F “1A-1K and pB, respectively. In order to meet the condition



Energies 2018, 11, 1685 10 of 21

of asymptotic convergence, the parameters of F~'A~!K and pp are obtained from p = I, 1 = 0.08,
B2 =0.08, A = I and K =1, where I is the unit matrix.

PV Two-switch flyback Full bridge
power supply converter (unfolding circuit)

uf] 8
f f

AAA
VVv

—IF—

Vi
Cb o
e Vi
M: |y M r s
PLL
t Pulse-Width
Modulator
"o
im1 im2 don_2 | don_1
Silding mode ™ Pulse-Width Carrier
controller | —»|  Modulator Waveform

Figure 5. The SMC control diagram of interleaved flyback micro-inverter in DCM.

i Conventional current sharing controller

. PI_1 N
taref ®- controller

Aim i ; - don 1
© i C:;Irsnt sharing Nominal Duty | Putse-width ;’?
pensator controller Doem «— Modulator =

; PI_1
i+ @Qla] I r®—0@
@ controller <

i1

Figure 6. The PI control diagram of interleaved flyback micro-inverter in DCM.

In order to compare dynamic performances between the PI current sharing and the proposed
sliding mode current sharing controller, the two cases are designed as follows. The output voltage
Vims is 220 V:

Case 1: The two converters, Flyback 1 and Flyback 2, have the same parameters in the flyback
micro-inverter. The output power Py is changed from 200 W (80% Py) to 125 W (50% Py) at 0.06 s.

Figure 7 shows the waveform of the output grid current i,c and reference signal iy s of the
interleaved flyback micro-inverter with the PI current sharing controller. There are large current
ripples in simulation’s waveform. When the output power decreases to 50% Py, the PI controller
regulates the output current to track the desired output current, which shows the ability to reject
the disturbance, but oscillation still exists. Through the Fast Fourier Transformation (FFT) analysis,
when 0.02 s <t < 0.06 s, the THDs of output current is 6.43%; when 0.06 s < t < 0.1 s, the THDs of
output current is 6.58%.
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PI current sharing control

Current (A)

'
[,
]
'
'

0.06

Times)

Figure 7. Simulation results of case 1: output grid current response of the interleaved flyback

micro-inverter controlled by a PI controller.

Figure 8 shows the waveforms of the output grid current i,. of the interleaved flyback
micro-inverter and reference signal i,._,s with the sliding mode current sharing controller. When the
output power Pyt changes from 80% Py to 50% Py, the effective value of the output current i, is from
0.908 A to 0.565 A, where only a small transient current is observed in the current waveforms. Through
the FFT analysis, when 0.02 s <t < 0.06 s, the output current THDs of the SMC controller is 2.97%;
when 0.06 s <t < 0.1 s, the output current THDs of the SMC controller is 2.45%.

T T T T T T T
! ! ' Sliding mode current
: sharing control
] i
________________ LR A —
e
= AW
5 :q‘r “il:
E=R] S U SR SN - SR S o Y]
g ] W
o J g [ H
E ' W Y /
3 v /i N\ N/
v/ f i HI W PN
I SR 0 SO N S eceeens A S S—
W, Y I A ]
; %L .
| 1 ) S S S E— |
1 : ' . —
| | | 1 | |
2 3 24 0.05 006 007 28 o ]
Time(s)

Figure 8. Simulation results of case 1: output grid current response of the interleaved flyback

micro-inverter controlled by a SMC controller.

The simulation results show that the proposed SMC controller has stronger robustness to solve the
output imbalance caused by disturbance when the output power decreases. Moreover, compared with
the PI controller, the output current i,; of the proposed SMC controller has lower THDs.

Case 2: The two converters, Flyback 1 and Flyback 2, have different parameters in the flyback
micro-inverter. The output power Py is also changed from 200 W (80% Py) to 125 W (50% Pyp) at 0.06 s.

The different parameters are given in Table 3.

Table 3. Different system parameters.

Parameters Value Parameters Value Parameters Value
L 5.8 uH Rp1 0.15Q Rs1 0.051 O)
Lo 6.2 uH Rpo 0.18 ) Rso 0.085 Q)
Ls1 216 uH Lsp 223 uH - -
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Figure 9 describes the waveform of the output grid current i, of the interleaved flyback
micro-inverter using the PI current sharing controller, which tracks the reference current I,,s well.
The output current ripple becomes large when the output current is biggest. As the output power
reduces to 50% Py, the output current stays away from the balance point and then converges in short
time. Through the FFT analysis, when 0.02 < t < 0.06, the output current THDs of the PI controller are
6.85%; when 0.06 < t < 0.1 s, the output current THDs of the PI controller are 6.87%.
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Figure 9. Simulation results of Case 2: output gird current response of interleaved flyback
micro-inverter by a PI controller.

Figure 10 shows the waveform of the output grid current i,. of interleaved flyback micro-inverter
using the proposed sliding mode current sharing controller. There is a small current transient when
output power decreases to 125 W. Through the FFT analysis, when 0.02 < t < 0.06, the THD of
output current is 3.44%; when 0.06 <t < 0.1 s, the THD of output current is 2.83%. The results of

Figures 9 and 10 confirm that SMC has better robustness than the PI controller when a parameter
imbalance exists.

Sliding mode current
sharing control

2

Current (A)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(s)

Figure 10. Simulation results of Case 2: output gird current response of interleaved flyback
micro-inverter by a SMC controller.

Figure 11a,b demonstrates the waveforms of primary currents iy and i,,» with the PI controller,
and those with the sliding mode controller, respectively. It is very clear that the peak current difference
between the two primary currents is about 0.318 A with the PI current sharing control, while that with
the sliding mode controller is much less, and its value is approximate 0.05 A. From the results, it is
found that the proposed controller achieved better current sharing in comparison to the PI controller,
which would avoid one of the converters being overloaded, resulting in lower efficiency and reliability
of the system, and even reducing the life of hardware. Figure 12 shows the current sharing errors
after two current sharing controllers, and the results indicate that the current sharing errors with both
controllers are almost negligible, but the THDs of the output current with the PI controller are bigger.
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Figure 11. Waveforms for primary currents by two current sharing controllers: (a) PI current sharing
control; (b) sliding mode current sharing control.
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Figure 12. The difference of the two primary currents after the two current sharing controllers: (a) PI
current sharing control; (b) sliding mode current sharing control.

In summary, the simulation results show that the proposed SMC has good robustness to solve
output imbalance caused by coupling, parameter inconsistency and disturbance. No matter whether
the parameters are identical or not, compared with the PI current sharing controller, the proposed SMC
tracks a sinusoidal reference effectively and achieves current sharing. Simultaneously, it has stronger
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anti-interference ability when the load power changes. In addition to that, there is a lower THD of i,
when the proposed SMC is applied. The detailed simulation results are presented in Table 4.

Table 4. Simulink results.

Case 1 Case 2
o THDs o THDs
the proposed SMC 200 W 0.001  2.97% 0.01 3.44%

Controller Pout

PI controller 200 W 0.01 6.43% 0.32 6.85%
the proposed SMC 150 W 0.001  2.45% 0.05 2.83%
PI controller 150 W 0.005 6.58% 0318  6.87%

5. Conclusions

This paper has proposed a current sharing control approach for the DCM interleaved flyback
micro-inverter. To do this, an accurate fourth-order model has firstly been built up, which is used
to analyze the output imbalance problem caused by coupling and mismatched parameters between
two flyback converters, such as the equivalent series resistances and magnetizing inductances of the
primary/secondary magnetizing inductance. The accuracy of the proposed model has been analyzed
through comparing it to the third-order and second-order models, and the analysis results have shown
that the proposed model is more accurate than the existing models.

Then, a sliding mode current sharing controller based on the full-fourth-order model has been
developed, which solves the output imbalance caused by parameter imbalance and disturbance.
The developed sliding mode controller comprises two parts: the feed-forward part, which can improve
the tracking bandwidth and reject the measured disturbance, and the feedback part, which is in a
form of PI. Thus, the proposed sliding mode controller can use the conventional PI blocks for current
sharing. Since the parameters of the sliding control law can be designed by the proposed model and
Lyapunov energy function, it is convenient to design compared to the PI current sharing controllers
with four gains.

Finally, simulation studies were carried out in MATLAB/Simulink to validate the model accuracy,
and the sliding mode current sharing controller. Results showed that the sliding mode controller tracks
sinusoidal reference signals smoothly, and controls the current sharing between two flyback converters
effectively when compared to the PI controllers.

Author Contributions: All the author contributed to this work. X.T. designed this study, analysis, implemented
simulations, and wrote the first draft of the paper. M.D. and L.W. contributed the project administration and
checked the overall logic of this work. D.S. contributed to providing important suggestions and writing-review.
L.L. contributed to giving helpful suggestions for simulations and English grammar. M.Z. contributed to the
discussion of this study.

Funding: This work was supported in part by National Natural Science Foundation of China (Grant NO.51677194).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Cpo input capacitor mF

Vo PV voltage \%

n the transformer turns ratio -
the primary magnetizing inductances of the

Lmlr Lmz uH
transformer

im1, imo the primary currents of the transformer A

is1, Iso the secondary currents of the transformer A

L¢ the filter inductor uH

Ccf filter capacitor uH
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Appendix A.

The parameters Apcpyr, Bocy and Wpey of Equation (6) are given

ESRs of the primary magnetizing inductance
ESRs of the secondary magnetizing inductance
ESR of the output filter inductor

output current

the reference of i,

switching frequency

frequency of gird

grid voltage

rated power

main MOSFET duty cycle

the average and small signal of x in one
switching period

the number of steady-state subinterval

steady state equations in k-interval

k-interval duty cycle

revised matrix

the number of inductor

duty cycles of switches Q; and Q, when they
are on

the time intervals from turn-off of switches Q1
and Q2 to the decreasing to zero of transformer
inductor currents

The coefficient matrixes of the proposed model
The transfer functions of the proposed fourth-
order model, the reduced to third-order model,
the third-order model based on single-phase
flyback converter and second-order model

the coefficients of G4, Ggt3 1, Gg¢ 2 and Gy

tracking errors of Flybackl and Flyabck2
current sharing error

the primary current references of Flybackl and
Flyback2 converters

the sliding surface

sliding coefficient

observer gain matrix

coefficient matrix for limiting integral gain
positive definite feedback gain matrix
proportional and integral of sliding mode law
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The coefficient parameters a, ~ag, b3 ~by of G4, ¢1 ~cp, j2 ~jo and fo ~f¢ of Gg3 1, and hy ~hg of

G, are given as.
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Appendix B. Robustness of the Proposed SMC

Remark 1. The Lyapunov energy function V satisfies the condition of being lower bounded, so the V is
constructed as

V= %[STS + (=T (Mp) H(r—#)] >0 (A31)

It is assumed that the SMC controller for current sharing is stable in the interleaved flyback
micro-inverter. V' represents the total energy of the system, which depends on the sliding
surface dynamics by the S'S term, also depends on the adaptive disturbance error by the
(r—7)"(Mp) " (r — #) term.

Remark 2. The derivative of the Lyapunov function V must be negative semi-definite to generate a stable SMC
control law. As a result, asymptotic stability of the overall system may be achieved.

It should be noted that the disturbance is regarded as a slowly varying quantity, so that the
derivative of the actual disturbance is considered to be zero, r = 0. Then, the derivative of the Lyapunov
energy function is obtained from Equation (A31) and computed as:

V=38 S+ ST+ () (M) )+ (r = 7) (M) M~ )]

+
. ) (A32)
=8Ts— (r—#)T(Mp)'?
According to Equations (15) and (16), Equation (A32) can be expressed as
V = ST[AFI,ef — AFA™ (u — Bx)] + STAFA ™17 + ST(AF — pT) A~ (r — 7) (A33)

In order to meet the requirement of V < 0, the matrix B should be designed to satisfy the condition
of ST(AF — BT)A~1(r — #) < 0, which makes the disturbance observable. Next, to ensure the system
asymptotically converges (V satisfies the condition of negative semi-definite). Then the derivative of
the Lyapunov energy function is designed as follows:

V = ST[AFI,f — AFA™ (u — Bx)] + STAFA™'7 = —STKS (A34)

Substituting Equation (16) into Equation (A34), the SMC control law u is obtained, which is given
in Equation (18).

Remark 3. The V should satisfy the condition of being uniformly continuous in time, or V should satisfy the
condition of being bounded.

According to Equation (A34), the differential of V is given as
v =-25TKS (A35)

In order to satisfy the boundary condition, the S and S should be bounded.
Next, let Equations (13) and (15) be substituted into Equation (A34), then

S+KS=AFA Y (r—7) (A36)

From Equation (A36), it is shown that the sliding surface S and differential of S are bounded,
since the term of (v — 7) is abounded. Therefore, it is proved that V satisfies the condition of being
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bounded, since S and $ are bounded. So V satisfies the condition of being uniformly continuous
in time.

According to Barbalat’s lemma [46], when three remarks are satisfied, it ensures that all the errors

can converge to the sliding surface. Finally, it is proved that the errors ej, e, and « can converge to a
zero point and the designed controller is stable.
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