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Abstract: Bi-directional DC-AC converters are widely used in the field of electric vehicle-to-grid.
However, the inductance of the grid-side interface filter is affected by the length of the grid connection
and the power level, which presents nonlinear characteristics. This poses challenges for high-
performance grid waveform control. In this paper, a modeling method for bi-directional DC-AC
grid-connected converters based on type-II T-S fuzzy models is proposed, and the corresponding
type-II T-S fuzzy control strategy is designed to address the parameter uncertainty and non-linearity
issues. Simulation results show that type-II T-S fuzzy control offers superior control performance and
better current waveform quality compared to type-I T-S fuzzy control under uncertainty parameter
conditions. The effectiveness of the proposed strategy is further validated through a 1 kW prototype
of a bi-directional DC-AC converter.

Keywords: nonlinear inductance; DC-AC inverters; dual-buck bi-directional inverter; type-II T-S
fuzzy model; model building

1. Introduction

Due to global efforts to reduce carbon emissions and improve energy efficiency, the
development and application of electric vehicles (EVs) have been widely promoted [1].
However, with the popularity of EVs, they impose a significant load on the distribution
network and affect the stability of the grid [2,3]. Vehicle-to-grid (V2G) technology, shown in
Figure 1, is proposed to better alleviate this problem through intelligent energy management
and control between the EV energy storage system and the grid in order to achieve a more
stable two-way power flow [4]. But, the process of EVs-charging and V2G cannot be
separated from the use of converters such as DC-AC and DC-DC [5]. Therefore, it becomes
crucial to control the bi-directional DC-AC converter to enhance the stability of power flow
in V2G technology. Conventional full-bridge DC-AC converters have switching dead time,
which causes the distortion of the output waveform, reduces efficiency and increases losses.
Common mode current is generated under unipolar modulation, which requires auxiliary
circuits to eliminate leakage currents and increase the complexity of the circuit. Dual-buck
half-bridge converters are characterized by high reliability, no dead time and no leakage
current generation [5–7], which has ability to overcome the above drawbacks. Hence, it is
proposed to apply in areas requiring high power reliability and efficiency, like EVs [8].

Currently, there are few studies related to the nonlinearities of inductors, and common
models include the Preisach model and the J-A hysteresis model [9]. In order to reduce the
harmonics due to inductance variations in the current [10,11], some papers [12,13] have
proposed an improved control strategy based on a proportional resonance regulator and a
combined proportional–integral control method based on linear and nonlinear controllers,
which adjusts the gain of the proportional resonant regulator through the online adaptive
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estimation of the nonlinear filtered inductance, thus ensuring that the THD (total harmonic
distortion) is less than 5%. Paper [14] proposed a single-sensor current balancing method
with less complexity and a smaller volume by analyzing the total current after interleaving,
and utilizing the nonlinear behavior of inductors in interleaved DC-DC converters. In [15],
the characteristics of wire-wound power inductors were investigated. The static model
was determined, the factors affecting the temperature and DC bias were investigated,
the inductance current curves were fitted by polynomials and, finally, the inductance
characteristics at different currents as well as the inductance characteristics at different tem-
peratures were obtained. By adopting the Euler–Lagrange formalism, a nonlinear model
for a buck–boost DC-DC power converter was proposed, which can regulate the output
voltage effectively [16]. Paper [17] analyzed the instantaneous magnetization power calcu-
lated from the inductor hysteresis loop, divided the instantaneous magnetization power
into oscillating and absorbing parts and calculated the R-L parameters of the nonlinear
hysteresis inductor model. In addition, a nonlinear inductive power transfer system with
magnetically saturated inductors was proposed in [18] to obtain a stable output voltage
independent of coupling coefficients and load variations.
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Figure 1. Bi-directional converter in V2G. 
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Dual-buck bi-directional converters require the use of more inductors than conven-
tional full bridge inverters, and the nonlinearity of the inductors affects the efficient control
of the converter. To solve these problems, paper [19] proposed a single inductor dual-buck
topology where the inductor can be fully utilized. However, the conduction loss signifi-
cantly increased, which affects the conversion efficiency. Considering the controller design
of the dual-buck bi-directional converter, it usually employs dual-loop control to satisfy
the voltage and current to meet the waveform as well as amplitude requirements [20].
Paper [21] combined an active power decoupling buffer with a dual-buck converter to de-
velop a single-loop direct input current ripple mitigation control method, which simplifies
the ripple limiting control structure, reduces the construction cost of the converter and
improves the power density. With the development of high-frequency technology, it has
advantages, especially in the use of chip-controlled power switches.

The type-II T-S fuzzy principle mainly includes stability analysis, optimal design
of fuzzy membership and practical use of controller for specific objects in combination
with other advanced control methods [22]. Utilizing the approaching ability of a type-II
T-S fuzzy model, paper [23] proposed a controller for a type-II T-S fuzzy time-lag system
with time-lag state feedback to solve the finite time stabilization problem of nonlinear
interconnected system with time-varying time-lag. Based on the extreme value of the
membership function type-I and type-II, paper [24] simplified the stability judgment
condition for s T-S fuzzy system, which provides a graphical method for analyzing the
stability condition of the membership degree. With the nonlinear transverse dynamics
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of the vehicle system, paper [25] proposed an adaptive event-triggered dynamic output-
feedback type-II T-S fuzzy control method for autonomous electric vehicle systems to
ensure the stochastic stability and performance of the vehicle system. Paper [26] focused
on the robust control problem of T-S fuzzy discrete systems of type II with input delays
and network attacks, utilizing the lower and upper membership functions of type-II T-S
fuzzy discrete systems to capture parameter uncertainty. Therefore, compared with type-
I, type-II T-S fuzzy control is not only better in terms of consideration of membership
degree, but also provides better control in applications in nonlinear and high-uncertainty
environments. However, there is a lack of research on the use of control and modelling of
nonlinear circuits.

In this paper, the dual-buck bi-directional DA-AC converter is taken as the object of
study, T-S fuzzy with universal approximation ability to nonlinearity is selected to model
the inductor, and this model is used as the basis for the design of the T-S fuzzy controller
in combination with the principle of parallel distribution compensation (PDC). A type-II
T-S fuzzy single-cycle controller is designed, the stability of the system under the new
controller is analyzed and finally the control of the system is improved by the addition
of the voltage outer loop. Through simulation and comparison, the type-II T-S fuzzy
controller outperforms the type-I T-S fuzzy controller under the condition of uncertainty in
the system, and the system has a better robustness and meets the criteria of grid-connected
distortion rate, which verifies the feasibility and effectiveness of the algorithm. Finally,
according to the previous analysis of the working principle of the dual-buck bi-directional
converter and the design of the controller, an experimental prototype platform based on the
TMS320F28377D digital control with a rated power 1 kW is fabricated, and the feasibility of
the algorithm is finally verified through experimental analysis.

2. Materials and Methods
2.1. Mathematical Modeling of Dual-Buck Bi-Directional Converter

The dual-buck bi-directional converter solves the problems existing in the traditional
bridge circuit structure [27], and its topology is shown in Figure 2a. ug is the voltage at
the grid terminal and Uin is the DC bus voltage. The circuit is topologically equivalent
to a collection of two buck circuits: Uin passes through the regulator filter capacitor Cd,
diodes D1, inductor L1 and power switches S1 and S4 to form the first buck circuit, and
diodes D2, inductor L2 and power switches S2 and S3 to form the other buck circuit. S1 and
S2 are high-frequency MOS power switches and S3 and S4 are two industrial-frequency
(50 Hz) power switches that can be designed as zero-current switches. In addition, the
operation modes of the bi-directional converter can be categorized into rectifier and inverter.
The bi-directional converter judges the operation mode according to the bus voltage state,
achieving bi-directional flow of power and power factor correction in the rectifier mode and
reliable grid-connected operation in the inverter mode. When the converter is in rectifier
mode, it is divided into four modes, as shown in Table 1, in a complete industrial frequency
sinusoidal waveform. The circuit is symmetrical and equivalent to a dual-boost circuit
under positive and negative half-cycle of AC voltage input. Its boost equivalent circuit
for positive half-cycle is shown in Figure 2b. When the converter is in inverter mode, it
is divided into four modes, as shown in Table 2. With the grid operating at positive and
negative voltage half-cycles, the circuit loop is symmetrical and equivalent to a buck circuit.
The buck equivalent circuit for positive half-cycle is shown in Figure 2c.

Table 1. Rectifier operating modes.

ug Mode S1 S2 S3 S4 D1 D2 D3 D4

>0
1 1 0 0 0 0 0 0 1
2 0 0 0 0 1 0 0 1

<0
3 0 1 0 0 0 0 1 0
4 0 0 0 0 0 1 1 0
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Table 2. Inverter operating modes.

ug Mode S1 S2 S3 S4 D1 D2 D3 D4

>0
1 0 1 1 0 0 0 0 0
2 0 0 1 0 0 1 0 0

<0
3 1 0 0 1 0 0 0 0
4 0 0 0 1 1 0 0 0
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According to the state averaging method, the state space equations of the dual-buck
converter in rectifier and inverter modes are shown in Equations (1) and (2). When the
switch in the circuit is on, the inductor current iL and the circuit output voltage uo (Ud in
rectifier and ug in inverter) are used as state vectors.

d
dt

[
iL
u0

]
=

[
0 − 1−d

L
1−d

C − 1
RC

][
iL
u0

]
+

[ 1
L
0

]
Vin (1)

d
dt

[
iL
u0

]
=

[
0 − 1

L
1
C − 1

RC

][
iL
u0

]
+

[ d
L
0

]
Vin (2)

where d is the duty cycle of the switch and R is the load impedance. However, in the
practical environment, due to the existence of the inductor nonlinearity problem, the state
equations expressed in Equations (1) and (2) do not match the system. Therefore, it is
necessary to express the state equations as a function (Equation (3)) of the inductance
elements in the coefficient matrix.

L = f (iL(t)) (3)

2.2. Nonlinear Inductor Modeling

In actual systems, inductors are nonlinear electronic components. The nonlinear
inductor is modeled based on the measured inductance data. The measured inductance
curve with ferrite as the core material is shown in Figure 3, and the inductance value in
the converter is updated by selecting the Lookup Table module in the MATLAB/Simulink



Electronics 2024, 13, 1684 5 of 16

(R2018b) environment to look up the table, taking the inductor current as the input and the
inductance value obtained from Table 3 as the output.
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Table 3. Inductance values under different current values.

I (A) L (mH) I (A) L (mH) I (A) L (mH) I (A) L (mH)

1 4.23 6 2.83 11 1.54 16 0.83
2 4.13 7 2.57 12 1.35 17 0.74
3 3.88 8 2.26 13 1.19 18 0.66
4 3.66 9 1.96 14 1.05 19 0.60
5 3.23 10 1.71 15 0.93 20 0.55

2.3. Type-II T-S Fuzzy Modeling

In type-II fuzzy control, the designed membership degree is no longer an exact
membership degree function as in type-I T-S. Type-II T-S fuzzy introduces more than
one-dimensional coordinates to do the design of membership degree, and adds the con-
sideration of the system uncertainty, which is much closer to the actual system, and has a
greater degree of freedom in the design.

The main membership of a type-II T-S fuzzy system w̃(x(t)) (w̃(x(t)) =
[wLi(x(t)), wUi(x(t))]) is a “region” consisting of upper and lower membership functions
that is shown in Equation (4), and the range embodied in the region is considered to be the
uncertainty range of the system.

ωLi(x(t)) = uM̃1i( f1(x(t)))uM̃2i( f1(x(t))) · · · uM̃φi( f1(x(t))) ≥ 0
ωUi(x(t)) = uM̃1i( f1(x(t)))uM̃2i( f1(x(t))) · · · uM̃φi( f1(x(t))) ≥ 0

(4)

where ωUi denotes the function under rule I and ωLi denotes the lower membership
function under rule i. In between, a segment of regionalized space is formed to represent
the uncertainty of the system. The uncertainty of the nonlinear system is represented as
shown in Figure 4.

Then, the weights of the corresponding subsystems are:

w̃(x(k)) = ui(x(k))wi(x(k)) + ui(x(k))wi(x(k)) (5)

Thus, the global interval type-II T-S fuzzy can be defined as:
.
x(k + 1) =

p
∑

i=1
w̃i(x(k))(Aix(k) + Biu(k))

y(k) =
p
∑

i=1
w̃i(x(k))(Cix(k) + Diu(k))

(6)
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At each moment, the weighted sum of the membership corresponding to that moment
is 1:

p

∑
i=1

wi(x(k)) = 1 (7)

For the discrete type-II T-S fuzzy model, the same equation of state of the system is
obtained as:

x(k + 1) =

r
∑

i=1
ψi(µ(k))(Aix(k)+Biu(k))

r
∑

i=1
ψi(µ(k))

=
r
∑

i=1
wi(µ(k))[Aix(k) + Biu(k)]

y(k) =

r
∑

i=1
ψi(µ(k))(Cix(k)+Diu(k))

r
∑

i=1
ψi(µ(k))

=
r
∑

i=1
wi(µ(k))[Cix(k) + Diu(k)]

(8)

In the rectification mode of the bi-directional converter, the coefficient matrix in the
dual-buck contains function terms, and the system is a nonlinear system. Therefore, the
universal approximation ability of type-II T-S fuzzy is applied to describe the nonlinear
bi-directional converter system, and the inductor current is used as an antecedent variable
for fuzzification. To reduce the complexity of the operation and according to the PDC
principle [28], the number of fuzzy rules is set to 2 and the domain of the inductor current
iL is iL ∈ [ILmin, ILmax].

From the experimentally measured data, the main membership degree of type-II T-S
fuzzy is designed. According to the introduction of the principle of type-II T-S fuzzy, the
upper and lower membership of the main membership degree are set as:{

ωLi(x(t)) = −0.2|i|+ 1
ωUi(x(t)) = −0.1|i|+ 1

(9)

Simultaneously, the sub-membership function is then introduced as a basis for judging
the degree of uncertainty, since the amount of variation of the current can represent this
uncertainty to a certain extent. In this paper, the method of designing the sub-membership
of type II T-S fuzzy is that the wider the change in current per unit of time, the larger
the uncertainty disturbance brought about, and it is considered that this disturbance is
more pronounced when the current value is large. Therefore, the derivative of the inductor
current regarding time is selected as the horizontal coordinate of the sub-membership to
characterize the degree of uncertainty within the system in terms of the sub-membership
function, whose type-II T-S fuzzy surface is shown in Figure 5.
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In the rectification mode of the bi-directional converter, the coefficient matrix in the 
dual-buck contains function terms, and the system is a nonlinear system. Therefore, the 
universal approximation ability of type-II T-S fuzzy is applied to describe the nonlinear 
bi-directional converter system, and the inductor current is used as an antecedent variable 
for fuzzification. To reduce the complexity of the operation and according to the PDC 

Figure 4. Main membership degree function diagram.
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The matrix of the type-II T-S fuzzy system in rectifier mode, x(k) =
[

iL(k)
vC(k)

]
, y(k) =

uo(k), Equation (6) turns:
[

iL(k + 1)
vC(k + 1)

]
=

p
∑

i=1
w̃i

([
iL(k)
vC(k)

])(
Ai

[
iL(k)
vC(k)

]
+ Biu(k)

)
uo(k) =

p
∑

i=1
w̃i

([
iL(k)
vC(k)

])(
Ci

[
iL(k)
vC(k)

]
+ Diu(k)

) (10)

where the corresponding matrix parameters for the rectifier (Equation (11)) and inverter
(Equation (12)) states are:

A1 =

[
0 − 1−d

f1(iL(k))
1−d

C − 1
RC

]
, A2 =

[
0 − 1−d

f2(iL(k))
1−d

C − 1
RC

]
,

B1 = B2 =

[
1

f (iL(k))
0

]
, C1 = C2 =

[
0 1

]
, D1 = D2 = 0

(11)

A1 =

[
0 − 1

f1(iL(k))
1
C − 1

RC

]
, A2 =

[
0 − 1

f2(iL(k))
− 1

C − 1
RC

]
,

B1 = B2 =

[
d

f (iL(k))
0

]
, C1 = C2 =

[
0 1

]
, D1 = D2 = 0

(12)

where the value of f (iL) can be derived from the fuzzy rule surface to finally obtain a
type-II T-S fuzzy model of the bi-directional converter in rectifier mode.

3. Control Strategy for Dual-Buck Bi-Directional Converter
3.1. Type-II T-S Fuzzy Controller Design

The basic idea of type-II T-S fuzzy is to design the number of fuzzy rules (number
of fuzzy subsystems) for type-II fuzzy for a nonlinear system, determine the number of
subcontrollers and design the controllers for each subsystem. Then each sub-controller is
weighted by the membership function to get the synthesized sub-controller for each state.
Firstly, assume that the localized state feedback controller is:

Controller Rule Ri:

if µ1(k) is M1i and µ2(k) is M2i · · · and µs(k) is Mri
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Then,
u(t) = KT

i X(t) (13)

where KT
i represents the state feedback control matrix under the ith system, and by defuzzi-

fication, the controller output is:

u(t) =
p

∑
j=1

(θ j(x(t))K j + θ j(x(t)K j)x(t) (14)

θ j(x(t)) =
θL

j (x(t))

∑
p
l=1 (θ

L
l (x(t)) + θU

l (x(t)))
(15)

θ j(x(t)) =
θL

j (x(t))

∑
p
l=1 (θ

L
l (x(t)) + θU

l (x(t)))
(16)

where θ j(x(t)) and θ j(x(t)) represent the upper and lower membership functions. And
the corresponding weights of the upper and lower memberships are selected based on
the sub-memberships, and the closed-loop control state equations consisting of the type-II
fuzzy system and the controller are:

.
x(t) =

n

∑
i

p

∑
j

hi(θ)hj(θ)(A + BiKj)x(t) (17)

The rectifier mode II T-S fuzzy controller is designed as:

Rule1: if iL = ILmin, then

di(k) = 1 +
K1 × ∆iL fs

Ud
−

ug(k)
Ud

(18)

Rule2: if iL = ILmax, then

di(k) = 1 +
K2 × ∆iL fs

Ud
−

ug(k)
Ud

(19)

where di(k) indicates duty cycle and fs is switching frequency. K1 is the control parameter
when the current is set to the minimum value under the fuzzy rule, and K2 is the control
parameter of the system when the inductor current increases to a certain degree and
the inductor change tends to level off. When the system runs, the inductor current in
the circuit is between the set maximum and minimum values, through the membership
function of type-II T-S fuzzy, to determine the current value; the size of the weights of each
sub-controller, at this point, the circuit control parameters are:

K f uzzy = f1(θ, θ)·K1 + f2(θ, θ)·K2 (20)

Therefore, the algorithmic expression for type-II T-S fuzzy controller in rectification
mode (where uo is Ud and ui is ug) is:

di(k) = 1 + K f uzzy ×
iL(k + 1)− iL(k)

Ud
−

ug(k)
Ud

= K f uzzy ×
iL(k + 1)− iL(k)

Ud
+ du(k) (21)

In inverter mode (where uo is ug and ui is Ud), the algorithmic expression is:

di(k) = K f uzzy ×
ire f (k + 1)− iL(k)

Ud
+

ug(k)
Ud

= K f uzzy ×
ire f (k + 1)− iL(k)

Ud
+ du(k) (22)
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3.2. Voltage Outer Loop Design

For a bi-directional converter, no matter which mode it is operating in, the ultimate
goal is to make the converter run stable. By adding a voltage loop to control the DC side
voltage of the system, the system can be enabled to operate normally and healthily despite
load fluctuations. The expression for the network side current is:

ig = Gug sin(wt) (23)

where G is the conductance and ig is a sinusoidal AC current with frequency 50 Hz and
amplitude Gug. The instantaneous input power at the grid side of the converter is:

Pin(t) = Vg(t)ig(t) = Gu2
g sin2(wt) =

1
2

Gu2
g(1 − cos(2wt)) (24)

From the input instantaneous power of Equation (24), it can be seen that if the input
and output power are considered to be equal, then the output power components contain
secondary ripples, that is, AC quantities with 100 Hz frequency components which are
superimposed on the DC side. With the feedback process, the secondary component is
superimposed on the working frequency (50 Hz), which makes the grid-side current contain
the third harmonic component, leading to the degradation of the waveform quality, the
increase of the distortion rate and even the loss of the conditions for grid connection, which
results in the system not working properly.

Therefore, a closed-loop PI controller needs to be designed to suppress the secondary
ripple and improve the waveform quality. The parameters of the controller are selected so
that the gain at two times frequency is small enough to minimize the effect of secondary
ripple. The voltage loop open loop transfer function is designed as:

Tu(s) = (Kup +
Kui
s
)× Po

sCUdc
(25)

where Po is the output power. For the secondary ripple of the system at 100 Hz, the
controller of the voltage loop is designed to traverse a frequency of 1/10 twice the industrial
frequency: fc = 10 Hz. Equation (26) can then be obtained.{

|Tu(j2π fc)| = 1
Kui
Kup

= 2π fc
(26)

Then, Kup = 0.0169 and Kui = 1.0619 can be obtained, and in order to be applied to the
digital embedded system, the incremental PI controller is discretized with Equation (27):

du(k) = du(k − 1) + Kp(e(k) + e(k − 1)) + KiTse(k) (27)

where e(k) and du(k) represent the voltage error and the duty cycle of the kth switching
cycle, respectively. Ts represents the switching cycle. Thus, the expression of the PI
controller is set as:

du(k) = du(k − 1) + 0.0169(e(k) + e(k − 1)) + 1.0619Tse(k) (28)

4. Results
4.1. Simulation Analysis

In order to verify the validity of the above theoretical analysis and controller design,
this section establishes type-I and type-II T-S fuzzy models for simulation verification, and
the simulation parameters are shown in Table 4.

When the dual-buck bi-directional converter is considered with both inductor nonlin-
earity and system uncertainty factors (noise under Gaussian distribution as interference
source in simulation), the simulation of a type-I T-S fuzzy controller is shown in Figure 6a,b.
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Figure 6a shows the control waveforms operating in rectifier mode and Figure 6b shows
the waveforms in inverter mode. The THDs obtained from fast Fourier transform analysis
in Simulink are 7.81% and 8.32% for rectifier and inverter mode, respectively. Since the
sampled current contains uncertainty, which leads to the suboptimal effect of the type-I T-S
fuzzy control, the distortion rate of the system current waveform is still high, which does
not satisfy the requirements of the system.

Table 4. Simulation parameters of bi-directional DC-AC converter.

Parameters Value

DC Voltage Reference 380 V
Grid Voltage 220 V/50 Hz

Switching Frequency 40 kHz
Rated Power 1000 W

Filter Capacitance 1 mF
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W power was designed, and the results obtained were analyzed and discussed. The setup 
environment is shown in Figure 8, including a power distribution cabinet as ug, host com-
puter, voltage regulator, dual-buck bi-directional converter, DC source, electronic load to 
simulate half-load, full-load, and non-linear loads, and an oscilloscope for observing and 
recording experimental results. 

Figure 6. T-S fuzzy waveform of type I. (a) Rectification mode; (b) inverter mode.

Figure 7 show the system current waveforms of the system under type II T-S fuzzy
control running in the rectifier and inverter processes, and their THDs are 3.58% and
3.92%, respectively. Compared with the type I T-S fuzzy control, the type II T-S fuzzy
control works better than the type I T-S fuzzy control in the environment of external
interference, and the type II T-S fuzzy not only enables the system to solve the problem
of low control performance caused by nonlinearity, but also can be better applied to the
operating environment with large uncertainty.
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4.2. Experimental Validation

In this section, based on the previous theoretical derivation and simulation verification,
an experimental prototype platform of a dual-buck bi-directional converter with 1000 W
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power was designed, and the results obtained were analyzed and discussed. The setup
environment is shown in Figure 8, including a power distribution cabinet as ug, host
computer, voltage regulator, dual-buck bi-directional converter, DC source, electronic load
to simulate half-load, full-load, and non-linear loads, and an oscilloscope for observing and
recording experimental results.

Electronics 2024, 13, x FOR PEER REVIEW 12 of 17 
 

 

 Power Distribution 
Cabinet

Online
Debugging

Voltage 
Regulator

Dual-buck 
Bi-directional 

DC-AC Converter
DC Source

Electronic Load

Oscilloscope

 
Figure 8. Prototype experimental environment. 

On the experimental prototype of dual-buck bi-directional converter, the main circuit 
in the hardware includes the main power circuit, control circuit and auxiliary circuit. The 
overall design scheme of the experiment is shown in Figure 9. A 32-bit high-resolution 
TMS320F28377D chip from Texas Instruments was used as the digital control chip, which 
sampled the grid-side current/voltage and DC-side bus voltage and performed real-time 
duty cycle calculations. Then, the opto-coupler-isolated PWM signal was output to control 
the power switches of the main power circuit. The experimental prototype system param-
eters of the dual-buck bi-directional converter are shown in Table 5. The detailed param-
eter design and software design process are described in the following. 

 
Figure 9. Overall design scheme of the experiment. 
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On the experimental prototype of dual-buck bi-directional converter, the main circuit
in the hardware includes the main power circuit, control circuit and auxiliary circuit. The
overall design scheme of the experiment is shown in Figure 9. A 32-bit high-resolution
TMS320F28377D chip from Texas Instruments was used as the digital control chip, which
sampled the grid-side current/voltage and DC-side bus voltage and performed real-time
duty cycle calculations. Then, the opto-coupler-isolated PWM signal was output to control
the power switches of the main power circuit. The experimental prototype system parame-
ters of the dual-buck bi-directional converter are shown in Table 5. The detailed parameter
design and software design process are described in the following.

Table 5. Design parameters of prototype.

Parameters Value

DC Voltage Reference 360 V
Rated AC Voltage/Frequency 220 V/50 Hz

Rated Power 1000 W
Switching Frequency 40 kHz

Filter Inductance 3 mH
DC-Side Bus Capacitance 1 mF/450 V

Power Switch MOSEFT SPW24N60C3
(Voltage Withstand: 650 V, Current Withstand: 24 A)

Diode
STTH1212D

(Reverse Breakdown Voltage Maximum: 1200 V,
Current Withstand: 12 A)
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The analysis of the effect of the conventional single-cycle PI controller is first carried
out under the conventional single-cycle control. As shown in Figure 10, due to the presence
of nonlinear inductors and the interference of uncertainty factors, the control performance
of the conventional controller is degraded, and the waveform quality of the inductor current
is poor with the presence of high harmonics.
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Figure 10. Conventional single-cycle control output waveforms. (a) Rectifier; (b) inverter. Figure 10. Conventional single-cycle control output waveforms. (a) Rectifier; (b) inverter.

After adding the type-II T-S fuzzy single-cycle for control, the experimental waveforms
under different powers are shown in Figure 11, where Figure 11a is the rectified experi-
mental waveform under light load, Figure 11b is the rectified waveform under half-load
and Figure 11c,d are the rectified and inverted waveforms under the full-load condition,
respectively. Comparing with the effect of the control of the traditional single-cycle, the
waveforms of the system under the control of type-II T-S fuzzy single-cycle are better and
meet the low distortion requirements.

The dynamic response part (load switching) was added to verify the control effect of
the voltage loop, and the waveforms are shown in Figure 12. The load-cutting experiments
of inverter and rectifier were carried out respectively, and the waveforms prove that when
the load is perturbed, the PI voltage outer loop of the dual-buck bi-directional DC-AC
converter is able to respond to the changes in the load side quickly, with good robustness,
and satisfy the characteristics of the output voltage stabilization under the load changes.
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The dual-buck bi-directional converter system with a nonlinear inductor was work-
ing using the type-II T-S fuzzy control. The experimental results are shown in Figure 13. 

Figure 11. Type-II T-S fuzzy single-cycle control waveform under different power. (a) Light-load
(200 W) rectified waveforms, THDi = 4.0%; (b) half-load (500 W) rectified waveform, THDi = 2.2%;
(c,d) full-load (1000 W) rectified/inverter waveform, THDi = 2.6%/THDi = 2.7%, respectively.
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The dual-buck bi-directional converter system with a nonlinear inductor was working
using the type-II T-S fuzzy control. The experimental results are shown in Figure 13. As can
be seen from Figure 13a,c,e, the system is in the rectifier operating state; at this point, the
power switches S3 and S4 are off and S1 and S2 are in the positive and negative half-cycle of
the high-frequency operation, respectively. When S1 is on and S2 is off, withstand-voltage
switch US1 and diode UD4 is 0. In the inverter state, as shown in Figure 13b,d,f, the switches
S1 and S2 are working at high frequency to ensure the sinusoidalizing of the current, and
S3 and S4 are switches under the control of the PWM frequency to form a connected circuit
loop. When switches S2 and S3 are on and switches S1 and S4 are off, withstand-voltage
switch US4 and diode UD4 are 0, which is in accordance with the operation principle of the
dual-buck bi-directional DC-AC circuits.

Therefore, the proposed method has good applicability to the nonlinear inductance and
the uncertainty of the system, and solves the problem of low control performance caused
by the nonlinear inductance and the uncertainty factors. With the proposed method, the
output waveform quality of the system is higher, and the aberration rate is greatly reduced,
which satisfies the operating conditions of low aberration rate and high-power factor.
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Figure 13. Rectifier/inverter grid-connected experiment steady state waveforms. (a,b) Driving
waveforms of switchers; (c,d) withstand-voltage waveforms of the S1 and S4; (e,f) corresponding D1

and D4 withstand-voltage waveforms.

5. Conclusions

In this paper, with the dual-buck bi-directional converter, a type-II T-S fuzzy control
strategy based on a single-cycle inner loop and a voltage outer loop is proposed. The
nonlinear characteristics of the inductor and the uncertainties existing in the real system
are studied. Both simulation and experimental verifications are carried out. According to
the simulation results, it shows that under the condition of noise interference, the harmonic
components of the current waveform quality are still very large under the type-I T-S
fuzzy control, which fails to meet the requirements of grid connection. The type-II T-S
fuzzy control, on the other hand, has better control performance than the type-I T-S fuzzy
under high uncertainty environment due to the robustness of its membership function
with certain degrees of freedom. It enables the system to operate healthily under the
condition of meeting the requirements. The control effect of type-II T-S fuzzy control is
also verified on an experimental prototype with a power of 1 kW. It is proved that the
algorithm has good applicability to the system with uncertainty and nonlinear inductance
conditions. The problem of low control performance caused by nonlinear inductance as
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well as uncertainties is solved, and the quality of the output waveform is improved to meet
the system’s grid-connection requirements.
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