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Abstract

A coupled inductor-dual boost-inverter (CIDBI) with a differential structure has been presented for application to a
micro-inverter photovoltaic module system due to its turn ratio of a high-voltage level. However, it is difficult to design a CIDBI

converter with a conventional PI regulator to be stable and achieve good dynamic performance, given the fact that it is a high
order system. In view of this situation, a sliding mode control (SMC) strategy is introduced in this paper, and two different
sliding mode controllers (SMCs) are proposed and adopted in the left and right side of two Boost sub-circuits to implement the

corresponding regulation of the voltage and current. The schemes of the SMCs have been elaborated in this paper including the
establishment of a system variable structure model, selection of the sliding surface, determination of the control law, and

presentation of the reaching conditions and sliding domain. Finally, the mathematic analysis and the proposed SMC are verified

by experimental results.
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I. INTRODUCTION

A grid-connected micro-inverter is an effective way to solve
the hot spot effects of photovoltaic modules and to improve
the efficiency of photovoltaic power generation. There are two
main grid-connected power generation methods for low-voltage
photovoltaic modules. 1) Single-stage inverters connected to
a grid by the line transformer boost mode. 2) Two-stage
inverter consisting of a front-stage DC-DC boost circuit and a
back-stage inverter. In the first method, when the voltage of a
photovoltaic module is low, the turn ratio of the line
transformer is large. Hence, the power loss of transformer is
large. In the second method, a two-stage circuit is adopted,
and the conversion efficiency of the system is not high. It can
be seen that these two methods are not conducive to the
efficient generation of small and medium power from
photovoltaic cells to the grid.

The CIDBI proposed in [1] can meet the voltage boost
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requirements of photovoltaic modules and AC grid-connected.
In other words, it is able to realize one-stage transformerless
grid-connected.

The differential CIDBI presented in [1] and shown in Fig.
1 is composed of two coupled inductor boost circuits that
generate an ac output voltage that is larger than the dc input.
It depends on the instantaneous duty cycle and turn ratio of
the coupled inductor, and uses only one power processing
stage. Fig. 1 shows that there is one DC source Bi. It can be
seen that L1 and Lo commonly share the same magnetic core,
while L3 and L4 use another. Thus, the coupled inductors are
constructed. One boost circuit consists of Li, L> and Ca, the
switches Ti1 and T2, and their body diodes Di and D». The
other boost circuit consists of L3, L4 and Cs, the switches T3
and T4, and their body diodes D3 and Da. It is clear that the
right-side circuit and the left side circuit represent boost
converters with a coupled inductor. In [1], a CIDBI can be
employed as micro inverter integrated with a much lower
voltage PV array and achieve a high energy conversion
efficiency due to its one-stage boost circuit architecture.
However, it is difficult to achieve a tradeoff between the
stability and the fast dynamic response of a CIDBI by using
traditional linear controllers. This results in energy loss due to
sudden changes in photovoltaic applications.

© 2019 KIPE
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Fig. 3. Schematic diagram of a CIDBI with two sliding mode controllers.

In order to obtain a smoother grid current iy, an AC output
inductor L. is added on the basis of Fig. 1, as shown in Fig. 2.
Thus, the current iz through L. is shaped by adapting the
voltage difference (vei-ve2). In this paper, two different sliding
mode controllers are proposed and adopted in the left and
right side circuit of the CIDBI to realize grid-connected power
generation. In addition, the SMCs for grid-connected power
generation are discussed and analyzed. As a result, the energy
of low-voltage photovoltaic modules can be transferred into a
power grid by a CIDBI with good performance.

II. ANALYSIS AND DESIGN OF SMCS

The main circuit diagram of a CIDBI shown in the Fig. 2
can be divided into two subsystems that are controlled by
different sliding modes, as shown in Fig. 3. In order to
generate an ac output current iy from dc sources, the left-side
circuit is controlled to shape the grid current ig, and the right-
side circuit is controlled to make the output voltage stable,

which is close to vea* (reference voltage). These two parts of
the controller can realize decoupling control. Next, error state
equations of the left circuit and right circuit are deduced.

A. Right-Side Circuit

The CIDBI is based on a boost converter. Hence, the
voltage vc2 must never fall below Vin. That is to say, the
output voltage is a dc-biased sinusoidal voltage as presented
in equation (1). In addition, equation (1) defines the reference
for vea.

v, () =V, sin(ot + ) +V, D
Assume the grid voltage is as follows
v, () =V, sin(or) 2)

When in steady operation, the grid current should follow
the reference current i;". Here it is assumed that the reference
grid current and the grid current are as follows:

i, (1) =1, sin(er) 3)
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i, () =1, sin(wr) “4)

Since the differential output is constructed by the left-side
circuit and right-side circuit, the reference ac voltage
component is given as follows:

v, =V, /2 ®)

In order to keep the voltage ve2 higher than Via all the time,
the following inequality is met.

Vi >V 4V, /2 (6)

veo'can be achieved by controlling Ti and T» in the
right-side boost circuit, and the pulse control signals va1 and
varz should be complementary. In light of the switching states,
the right side of the converter can be equivalent to two
sub-circuits as shown in Fig. 4. In addition, the left side of the
CIDBI can be considered as the current source. Thus, the
calculation formula of the duty cycle ratio dr(t) for the right

side is as follows.
VCZ*(I) — V[n Vm* Sin(a)t + 7[) + Vdc* - V;n (7)

d(t) =—¢ =— :
#0 v, (O)+N-V, ¥V sin(@t+x)+V, +N-V,

Where, N is the turn ratio of the coupled inductor (seen in
the Fig. 1: no/mi).

The average power of the output should be equal to that of
the input according to the instantaneous power theory. Thus,
equation (8) can be obtained as follows.

i 0= Cov 02Dy S ®)

Substituting expressions (1), (2), (4) and (5) into equation
(8), the reference value ide1™ for the dc input current can be
expressed as (9).

1y I, (1-cosQaxt)) -V, -1, sin(wt)
. 1 2 m g de g
Iy () =—

&)
"\ —C,-(V," -V, cos(wr) - %(Vm*)2 sin(2at))

Expression (9) describes the average input current igc
through the coupled inductor Li/Lz. In fact, the input current
contains a high-frequency ripple current that can be neglected
since it has no effect on the effective value of the current.

The switching function can be defined in expression (10),
where, y is the state variable.

1 When T, is ON and T,(D,) off
7/:{ enT, is and T,(D,) o (10)

0 When T, is OFF and T,(D,) on

It is clear that the corresponding output energy increases
when y=1. In this state, the inductor L; and the output
capacitance Cz are decoupled and the current through L is
increased linearly, i.e. the energy storage. In addition, iz flows
to C2 as shown in the Fig. 4(a). When y=0, the energy is
transferred to Cz by the coupled inductor Li/L> as shown in
the Fig. 4(b).

It can be seen from Fig. 4 that there are two error variables
that are defined as gvc: for the output capacitance voltage, and

idL'] Tr] i‘&'*
)
&7

+
CZ:‘: VH*

(2)
i — A iy
— L SN &
L (n n

. 1 (o Ly (n2) N
.
= Vi Cr Ve

(®)
Fig. 4. Two structures of the right-side converter. (a) Ti is on and
T2(D2) off. (b) T2(D2) is on and T off.

€ide1 for the coupled inductor current in expression (11).

)

{5 Ver™Ver — ch*
Elgor =gy ~ et

As a result, the state error equation of the right-side
converter can be written as (12).

x=Ax+By+D (12)
Where:
x=[evea, Sidc1]T (13)
0 1
CZ
Al (14)
L -(1+N)
_ i _
B= ¢
Vc2+N.V;n (15)
| L (1+N) |
i iy ]
CZ
D= . (16)
I/m _ch
L-(1+N) |

It is noted that the low-frequency reference functions,
when compared with the switching frequency, can be
considered as quasistatic, in such a way that the term of the
derived function for the reference is generally neglected in
equation (12).

B. Left-Side Circuit

The left-side subsystem is seen as the current source and
controlled to shape the grid current. Actually, the voltage of
La can be regulated only if the voltage vci across Ci is
controlled. As a result, the grid current ig is obtained.
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+
= Vin CIT Vel Ve2

(b)
Fig. 5. Two structures of the left-side converter: (a) T3 is on and
T4(Da4) off; (b) Ta(D4) is on and T3 off.

Additionally, since the inductor L. is designed to filer the
high-frequency switching ripple, its steady-state low-frequency
voltage is small. In addition, the voltage vc1 should be close
to (vcatvg). Thus, ver can be expressed as (17).

Ve, (6) =V, sin(at)+V, 17

The ac component of expression (17) is complementary to
that of the expression (1). Thus, the phase difference is 180°.
In addition, the equations of duty cycle ratio di(t) and is" are
similar to (7) and (9), with 77 rad added to the arguments of
the sine or cosine function (or simply the terms in sin(wt) and
cos(wt) change their signs, while the terms involving 2wt
remain unchanged).

In order to follow ig", the switches T3 and T4 in the left-side
converter are controlled with a certain duty cycle ratio dr, and
their pulse control signals vas and vas4 should be
complementary to each other. In light of the switching state,
the left-side converter can be equivalent to two sub circuits as
shown in Fig. 5, and the right-side converter is taken as the
voltage source in Fig. 5.

The two states in Fig. 5 can be described by the switching
function as (18).

_ |1 When T, is on and T,(D,) off 18
10 When T, is off and T,(D,) on (18)
Assuming that the error variable for the filter Lac is €ig, the
error variable for the filter Ci is €vci, and the error variable
for the coupled inductorLs/Ls is &ig2. This is shown in
expression (19).
ei,=i, —i,
EVer=Ver —Ver (19)
Elger =g ~ Iy
After defining the error variables, the state error equation
(20) can be written.
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y=A'y+BA1+D (20)
Where:
y=leig, eve,giaa]" (21)
Lm‘
, 1 1
A=l-— 0 -
C G @2
B 1
L,-(1+N)
0
_lio
B=- C (23)
Vo + NV,
L,-(1+N)
Vo~V — Ve
Lﬂlt‘
! ich* B ig*
D =
¢ (24)
L,-(1+N)

The derived function for the reference is neglected in the
state error equation (20) as in the previous section. Through
the above analysis, the error state equation of the CIDBI is
obtained.

III. CONTROL STRATEGY

Sliding mode control can change the circuit structure by
controlling the switch state. The sliding mode method is
implemented in the error state space, and the trajectory
through the spatial origin (the desired stable state) is well
designed. When the representative point reaches the trajectory,
approaches it, and then reaches the origin, zero error is
achieved [10]-[16]. Such a trajectory is called a sliding
surface (o), and this motion is called a sliding mode or a
sliding mode method. The designed sliding surface space is
divided into two subspaces, each of which is associated with
a structure. The motion in the vicinity of the sliding surface
must point to the sliding surface [17]-[24]. This is a necessary
and sufficient condition for the existence of the sliding
surface, which is expressed mathematically as follows:

6 <0,When o >0
(25)

d>0,When o <0

Considering the fact that actual switching devices are
difficult to operate at infinitely high switching frequencies,
the actual sliding mode is not always on the sliding surface,
and the quasi-sliding mode is usually used to achieve control
[25]-[27].
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A. Implementation of the Right-Side SMC

The sliding mode surface or is defined by expression (26),
which can be considered as the weight of the error. If S;and
S, are taken to be constant, the sliding mode surface is a

straight line on the plane of &, x & and the slope is

el >

decided by ar=S1/Sz. In expression (25), the units: Sz is ohms;
Si is dimensionless; and or is Siemens.

op =, E, T S, i (26)

Assuming that S=[Si, S:]T, expression (25) can be
expressed by (27).
o, =S"x 27
Since the error variables are defined by (12), if the
representative point is below the surface or, the energy of the
capacitor Cz and the inductor L, is reduced. Then y should be
set to 1, whereas y should be set to 0 when it is above or.
Thus, expression (28) can be obtained.

1 When o, <0
r= (28)

0 When ;>0
Since the error variables are very small and approach zero
by comparison with the reference values, the existing

condition (25) for the sliding mode surface on the right side
can be written by (29) and (30).

6,=8"D<0, 6,>0 (29)
6,=8"B+8"D>0, 0,<0 (30)

Substituting matrixes B and D into (29) and (30), the
expression (31) and (32) can be obtained.
. F + . * - *
S1~lg Lge1 - Vo —Ver <0 G1)
C, L-(1+N)

ig* Figy ~ig Ve ~Vey +(L+N)-V,
. +S,-
C, L -(1+N)

It can be concluded from (31) and (32) that S; and Sz
choose non-negative values if the sliding mode surface exists
as presented in (26).

If the actual system adopts the fixed hysteresis width of 28
in Fig. 6, the control rules can be rewritten into (33). In
addition, the phase plane trajectory oscillates on both sides of
the sliding mode surface (6r=0), as shown in Fig. 7.

S, >0 (32)

1 When o,<-6 or (6,>0 and |o|<
y:{ e

0 When o,>+5 or (6,<0 and |o|< &)
It can be seen from Fig. 7 that or must increase from -3 to

+6 during Aty (O 2 >0), while or must decrease from +6 to -0

during At ( Op <0). Assuming that the state trajectory

remains the same near or=0, formula (34) for the switching
frequency can be deduced from Fig. 7.

fs:%Atl +AL) G4

1407
2
_ 1
-< » O
-5 | +5 K
Fig. 6. Switching function y.
Or>0 - A &
OR =0
Or <0 3
A:\‘:m" = e _ >
1 s 1 .
Z&" 45 Eiger
123

Fig. 7. Waveform of or.

Where, At corresponds to the switching state y=1, and
Atz corresponds to y=0. In addition, At; and At can be
solved by (35) and (36), respectively.

A= 26 . .
1 N .ig Flger ~laa +S Yo~ Vo +({1+N)-V, (35)
: C, : L-(1+N)
A= 26/ .
’ ¢ i o Vve (36)
oG P L-(1+N)

Substituting (35) and (36) into (34), the maximum
switching frequency can be obtained as (37) at the positive
peak value of vca, assuming i;'=0 and the corresponding
igsc1™=0 in the state of a light load.

S,-7,

in_,

Ve, =V (37)

Somss = L 25 vy, +N-V,

The duty cycle ratio is defined as follows:

At (38)

dy (V)=
n() At + At,

Substituting (34) and (35) into (38), the steady switching
frequency can be obtained as (39), depending on steady
operation points such as the duty cycle, control parameters
and value of the grid current.

fu®) =[d ] QO)][S, -V, | L+5,-i,/®)/C,]  (39)

When i, reaches a negative peak value, the variations of idc
and vc2 are the largest. At this time, the duty cycle is the
largest and the switching frequency the highest. As a result,
L and C: can be designed as (40) in order to ensure that all
of the magnetic components are unsaturated within the scope
of the switching frequency.

V d 1 ».d max
L(t) > — "R gpd CZZA
delmax © fS‘Rmin AV,

C2max fSRmin

(40)
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B. Implementation of the Left-Side SMC

Since the left side is a third order system, the sliding mode
surface oL can be obtained by (41).

0, =8¢l +8, &V, + 85 &gy (41)

Let St=[S3, S4, Ss]*, and expression (41) can be written as
(42).

o, = SLT y (42)

Since the error variables are defined by (19), if the

representative point is below the surface oL, the energy of the

capacitor Ci and the inductor L3 is reduced. Then A should be

set to 1, whereas A should be set to 0 when it is above oL.

Thus, expression (43) can be obtained.
1 When o, <0
A= (43)

0 When o, >0

Since the error variable is very small and approaches zero
by a comparison with the reference values, the existing
condition (25) for the sliding mode surface on the left side
can be written by (44) and (45).

6,=8"D'<0, o,>0 (44)
6,=8,"B+S,"D >0, o,<0 (45)

Substituting matrixes B" and D’ into (44) and (45), the
expression (46) and (47) can be obtained.

S VCI* _ VCZ* Ve +S i‘m* _ig* +S. V= Ver (46)
’ L, e *L,-(1+ N)
S VCI* _ch* - V;; +S ich* —lger _ig*
3 4
L C,
ac . 1 (47)
V,A+N)+v, —vg 50

5

L,-(1+N)

If expressions (46) and (47) are established, the existing
condition for the sliding mode is met. In addition, the sufficient
condition for the existence of the sliding mode surface
defined by (41) is that S, S4 and S5 choose nonnegative values.

Just like the right side, the hysteresis comparison control is
employed to avoid an excessive switching frequency. Here,
assuming that the hysteresis width is 2, the phase plane
trajectory oscillates on both sides of the sliding mode surface
(o=0).

Defining the on time of switch T3 for At;, which
corresponds to the switching state A=1; and the off time for
At2, which corresponds to the switching state A=0; Atrand Atz
can be solved by (48) and (49), respectively.

= 2¢
A g Vc1* - ch* -V, +S . idcz* — g _ig*
} L, ¢ C, (48)
g . V,(+N)+ve, —vg
’ L,-(1+N)
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At,= 2¢

3

V('l* - ch* - Vg +S idcz* - ig*
4
L, G (49)
V,

.
in Y

+ [ L —
*L,-(1+N)

The same as the right-side converter, the maximum
switching frequency occurs at a light load. Assuming ig*=0
and the corresponding ii2*=0, and noticing that the
coefficient of the term of S; is zero and that the terms of Sa
and Ss are like (35) and (36), expression (50) can be obtained.
Se Vi Vi =V,

SR in in 50
fsmax L3 . 24’ V(',l* +N- Vm ( )

It can be seen that the last two terms are the same with the
right side in the existing conditions (46) and (47) for the
sliding mode surface of the left-side converter, i.e. S4=S; and
Ss=S.. Therefore, only the value of S; needs to be confirmed.
Since the CIDBI is used for grid connected power generation,

*

Ve =Ve, =V, >0 in (46) must be established, and this

difference value should be equal to viac of Lac, which result in
S5>0. As a result, the upper limit of S; can be solved by (46)

under the condition of the maximum of |VL wl

The steady state switching frequency can be solved by (51)
only if Ati+At, is calculated during the period of hysteresis,
which is like the right side.

Sa@©=[d, @)/ QO)-[Se-V, I Li=S,-i,/@®)/ G| (51)

When iy reaches the positive peak value, variations of id2
and vci are the largest. Hence, the values of Lz and Ci can be
chosen by (52).

*

. 1, -d, .
Ly(t) > AL — C >—=5 " (5))
AIchmax 'fSLmin AVCZmax 'fSLmin

Such a high-pass filter is suitable for cases where the
reference of an indirect variable is calculated. The controller
tries to offset the sum of the weights of the errors after
controlling the power circuit, not just an error. In this way, if
one of these references is wrong, it leads to tracing defects.
This technology is highly suitable for DC-DC converters. In
current applications, the formation of low-frequency AC
(twice the grid frequency) is considered to be quasi-static.
Therefore, the derivatives of these quasi-static variables can
be considered to be zero. In the feedback, the low-frequency
components are filtered by a high-pass filter. Thus, it can be
considered that the low-frequency components have tracked
the reference value in the steady state, and only high-
frequency components and the spike need to be regulated.

Thus, it is feasible to collect indirect variables with high-
pass filters. Of course, the introduction of high-pass filters
increases the order of the system. Generally speaking, the
transient response of a system is easier to oscillate than that
of the case where the indirect variables have references. The
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Fig. 8. Experimental prototype of photovoltaic grid-connected
micro-inverters based on the CIDBI.

TABLE |
PROTOTYPE SPECIFICATIONS
Output power: Po 430W
Grid maximum voltage: v, 230Vrms
MPP voltage: Vi, 35V
Grid frequency: f; 50Hz
Maximum switching frequency: fimax 130kHz

cut-off frequency of a high-pass filter should be set high
enough that it has little effect on the dynamic performance of
the circuit. On the other hand, high-pass filters should be
sensitive to the resonant points of Li, Ci, or Lz, Ca. It should
be noted that the resonant frequency of a switching circuit
also depends on the duty cycle ratio. Because the filter
system is insensitive to current detection when the switch is
on for a long time (especially when starting), the inductance
current should be limited for the sake of safety.

In addition, the selection of L. should also consider the
resonant frequency of the high-pass filter. In particular, the
design of the vci high-pass filter should take full account of
the resonant frequency of La, Ci and Ca. In addition, when
starting, the DC voltage on vc2 needs to be established first.
Then the grid-connected relay closes, and slowly increases
the grid-connected current.

IV. DESIGN EXAMPLE AND EXPERIMENTAL
RESULTS

In order to verify the correctness of the above theoretical
analysis, a two-channel experimental prototype has been built
as shown in Fig. 8. In the prototype, each channel is connected
to a photovoltaic module. The performance parameters of
only one channel are given here. The input dc source is a PV
array whose open voltage is 44V and the maximum power
point (MPP) voltage is 35V. The prototype specifications are
listed in Table I.

CH2:Grid voltage vy(400V/div)

»

"\ CHI:PV voltage vy (20V/div)

t(10ms/div)

(2
+
CH2:Grid voltage v,(100V/div)

/
/

CH3:Grid connected current 7,(2A/div)

t(5Sms/div)
(®)
Fig. 9. Main steady operation waveforms of grid-connected
generation with the: (a) PI controller in reference [1], (b) SMC in
this paper.

In order to regulate the grid current ig linearly with the duty
cycle ranging from 0.3 to 0.75, the dc bias voltage Ve is
chosen to be 280V, and the turn ratio of the coupled inductor
is 4. Assuming that the grid current is 1.43Arms at the MPP,
the reference current and voltage are as follows.

{ig*(t) =1.43sin(ot)

. (53)
Ve, (t) =162.6sin(et + ) + 280

It is clear that Vcomax=442.6V.

The DC capacitor Ci is 6x2200uF; T: and Ts are
IPBO72N15N3G from Infineon (150V/93A @100°C), Rdson
=7.2mQ; and T> and T4 are SPB17N80C3 from Infineon
(800V/17A @100°). Main experimental waveforms are given
in Fig. 9. Here, vg is the utility grid voltage, i; is the grid
connected current, and vy is the PV voltage. Fig. 9(a) shows
steady operation waveforms with the PI controller in [1], and
Fig. 9(b) presents waveforms based on the SMC in this paper.
The grid connected current waveform ig(CH3) in Fig. 9(b) is
clearly much better than that in Fig. 9(a). When the output
power reaches 221W, the efficiency of the CIDBI is greater
than 95.8%, the total harmonic distortion of i, is equal to
1.52%, and the power factor is not less than 0.99. It is clear
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CH1:v,

400V/div

2A/div

!

CH2:i,

t(1s/div)
Fig. 10. Start-up generation waveform of a micro inverter.

| CHLve(100V/div) ¥ |

A

CH2:vdr1(5V/div)

{(10ms/div)

Fig. 11. Driving waveform of T: and the voltage on C: in the
right-side circuit.

CH2:Grid voltage vg(100V/d1v)

YANL

CH3:Grid connected current i,(1A/div) PV Panelis shielded

t(10ms/div)
Fig. 12. Occlusion experiment of a photovoltaic module.

that the presented sliding mode controller can be applied to
the CIDBI and that it can transfer energy from the dc side to
the mains grid with high quality.

Fig. 10 shows waveforms of the grid voltage and grid-
connected current when the prototype starts. As can be seen
from this figure, when the prototype starts grid-connected
power generation, the current iz begins to gradually increase.
After a period of time, the current reaches its maximum value
and constant. Channel 1 of Fig. 11 shows a voltage waveform
of capacitor Cz in the right circuit of the CIDBI, and channel

2 shows a driving waveform of the switch Ti. Channel 3 of
Fig. 12 shows a grid-connected current waveform (i) when
the photovoltaic panel is shielded or not. Channel 2 of Fig. 12
shows the grid voltage. From the above experimental
waveforms, it can be seen that using the two sliding mode
controllers proposed in this paper can yield both the stability
of micro-inverters based on the CIDBI architecture, and a fast
dynamic response speed.

V. CONCLUSIONS

A CIDBI can be used to generate an ac output voltage that
is larger than the dc input voltage and to transfer energy from
a PV array or dc energy storage device to a grid with only one
power processing stage. Aiming at the problem of it being
difficult to design the parameters of the traditional regulators
for the high-order systems of CIDBI circuits, different sliding-
mode controllers are proposed in this paper for the right-side
converter and the left-side converter with different switching
schemes. In addition, the SMCs can track the time-varying
reference functions very well. These functions are only defined
for two output variables. The other secondary signals are
obtained after high-pass filtering. The use of such SMCs can
achieve remarkable overall performance improvements of the
system.
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