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ABSTRACT The new voltage and current double loop control strategy is proposed to solve the DCmicrogrid
bus voltage fluctuation caused by loads fluctuation, parameters perturbation and unbalanced three-phase
power supply. Firstly, the dq axis mathematical model of three-phase AC-DC bidirectional converter in
DC microgrid is analyzed and established, and then the controllers are designed according to the dq axis
mathematical model. The outer loop is a voltage loop based on variable gain linear extended state observer
(VGLESO) and slidingmode theory. VGLESO can not only effectively overcome the problem of peak output
of traditional high-gain LESO in the initial stage of operation, and ensure that the system has good startup
characteristics, but also quickly track and compensate the total disturbance of the system without additional
current sensors. The inner loop is a current loop based on adaptive PI, which can eliminate the influence of
system parameters perturbation on bus voltage and improve the system’s adaptability. Under the action of
the inner and outer loops, the system has good dynamic and static characteristics. Finally, the feasibility and
correctness of the control strategy are verified by Matlab/Simulink.

INDEX TERMS Adaptive PI, bus voltage control, dynamic characteristics, feedforward control, initial peak,
parameter perturbation, variable gain linear extended state observer.

I. INTRODUCTION
With the promotion and popularization of distributed energy
grid connection and the increasingly strict requirements of
users on the power quality of terminal power supply, the tra-
ditional AC distribution network gradually shows its defi-
ciencies in the ability to accept new energy and power
quality [1]–[3].

The circuit topology of a typical DC microgrid is shown
in fig.1 Compared with the AC distribution network, the use
number and frequency of power electronic devices of the DC
microgrid are much smaller than that of the AC distribution
network, which reduces the energy conversion link of the
distributed power grid connection and the cost of grid con-
nection. In addition, the DC microgrid does not need to track
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FIGURE 1. DC microgrid circuit topology.

reactive power and phase, which improves the controllability
of the system, the reliability of power supply and the economy
of operation [4], [5].

How to suppress the fluctuation of the bus voltage of
the DC microgrid to ensure the stable operation of the
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system is one of the hot issues in the field of DC microgrid
research. When the DC microgrid is connected to the AC
power grid, the control of the bus voltage is often achieved
by optimizing the control system of the DC microgrid
three-phase AC-DC bidirectional converter [6]–[8]. How-
ever, the loads carried by the three-phase AC-DC bidirec-
tional converter of the DC microgrid are usually complicated
and changeable, that is, the external interferences are time-
varying. Some parameters on the AC side of the converter,
such as the equivalent resistance and inductance of the line,
cannot be accurately measured. During use, these parame-
ters often have different degrees of aging, and the param-
eters are perturbed. Therefore, in order to ensure that the
converter tracks the reference signal quickly and accurately,
the controller is required to have good dynamic and static
characteristics and robustness to the time-varying loads and
the perturbation of parameters.

At present, the control strategies of three-phase AC-DC
converters in DC microgrids are mainly divided into linear
and nonlinear control strategies. Among them, the linear con-
trol strategy is mainly based on linear PI, although PI control
has been widely used in industry and achieved good control
results. However, the PI controller based on the deviation
control principle is difficult to overcome the control time
lag caused by the capacitive element, which cannot meet
the dynamic characteristics requirements of the power sys-
tem [9], [10]. With the continuous development and improve-
ment of the research on nonlinear control theory, nonlinear
control strategies such as repetitive control, deadbeat control,
fuzzy logic control, etc. have also been applied to different
degrees in DC microgrids. Reference [11], [12] designed a
repetitive controller for the three-phase AC-DC converter in
DC microgrid, which improves the system’s robustness to
periodic disturbances. However, due to the inherent periodic
delay of repetitive control, when the system is disturbed,
at the moment, the control signal cannot act on the controlled
object in time, which reduces the dynamic characteristics
of the system. Reference [13]–[15] designed a fuzzy logic
controller for power bidirectional AC-DC converter in DC
microgrid, and applied it to the current inner loop in converter
control system. This control strategy reduces the require-
ments for the mathematical model of the controlled object
and improves the system’s adaptability to the loads. But the
realization of fuzzy logic control requires complex fuzzy
operations, which increases the complexity of the system and
construction costs.

Reference [16], [17] introduced current feedforward
control strategy based on double-loop control for the
three-phase AC-DC converter in DCmicrogrid, which signif-
icantly improved the dynamic characteristics of the system.
However, the introduction of current feedforward requires
additional current sensors, which will increase the construc-
tion and maintenance costs of the system. When there are
multiple AC-DC converters in the bus, the selection of the
sensor installation location will also become difficult.

Slidingmode control (SMC) not only has low requirements
on the mathematical model of the system, but also has strong
robustness to system parameters perturbation and external
disturbances. Therefore, it is often used in non-linear sys-
tems, which are difficult to establish accurate mathematical
models [18], [19]. However, in the traditional sliding mode
control, a bigger control gain is required to improve the
dynamic characteristics of the system, but excessive control
gain and discontinuity of the control signal make the system
have a certain degree of chattering, which seriously affects
the engineering promotion of sliding mode control.

LESO, as the core of linear active disturbance rejection
control (LADRC), has been well received by relevant prac-
titioners since it was proposed. On the one hand, the number
of parameters that LESO needs to be set is less, which reduces
the difficulty of parameter setting and enhances the controlla-
bility of the system; On the other hand, LESO can also realize
real-time tracking of state variables and total disturbance of
the system when the controlled object mathematical model
is unknown. Then, through the disturbance compensation
link, the total disturbance of the system is approximately
compensated, which solves the problem that the traditional
current feedforward control needs additional sensors. Many
experts and scholars have shown that the greater of the LESO
error gain, the higher of the tracking accuracy [20], [21].
However, excessively large error gain will cause the "initial
peak" problem in the initial stage of LESO operation, which
will seriously affect the startup characteristics of the system.

Aimed at the "initial peak" problem of high gain LESO,
this paper designs a variable gain linear extended state
observer (VGLESO), whose gain is a time-varying function,
and the gain coefficient is a very small value at the initial
moment, with time, the gain coefficient gradually becomes
a constant. On this basis, this paper, combining VGLESO
with sliding mode theory, proposes a variable gain active
disturbance sliding mode control strategy. And it is applied to
the outer voltage loop of DC microgrid three-phase AC-DC
converter control system. This control strategy not only pre-
serves the structure of LESO feed-forward control, but also
retains the strong robustness of sliding mode control. Last but
not least, it also solves the problem of high gain LESO "initial
peak" and the problem of traditional sliding mode control
"chattering" caused by excessive gain. Detailed analysis will
be carried out in the next chapter.

The fal function is a special non-linear structure, which
is the mathematical fitting of "small error, large gain; large
error, small gain" used for parameter adjustment of the con-
trol system [22]. According to the characteristic of the fal
function, this paper uses it to correct the proportional integral
gain of PI controller. And then, an adaptive PI control strategy
is proposed to suppress the influence of the system parameter
perturbation on the bus voltage.

Compared with the traditional double loop: in this paper,
VGLESO and SMC are used to improve the voltage outer
loop of three-phase AC-DC converter in DC microgrid. The
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FIGURE 2. Topology diagram of converter in DC microgrid.

current feedforward control with current signal as input is
transformed into current feedforward control with voltage
signal as input by VGLESO (The specific structure is shown
in fig.3). This method can not only effectively suppress the
initial peak value of LESO, but also effectively reduce the
use of current sensors and reduce the cost of the device,
at the same time, it also can reduce the chattering of sliding
mode control; In this paper, the gain of the PI controller
of the current inner loop is corrected by the nonlinear fal
function to improve the system’s adaptability to parameter
perturbation(The specific structure is shown in fig.6). Finally,
the feasibility of the control strategy proposed in this paper is
verified by digital simulation.

The rest is of this paper organized as follows. Section II
establishes the mathematical model of the DC microgrid
three-phase AC-DC converter. Section III is the design of
voltage outer loop based on VGLESO and sliding mode
theory, including why to design VGLESO, how to design
VGLESO, and the combination of VGLESO and sliding
mode. Section IV is the design of current inner loop based
on adaptive PI control strategy, including the description of
nonlinear fal function characteristics, the design of current
inner loop based on PI controller, and the combination of
fal function and PI controller. Section V is the simulation.
Section VI is the conclusion.

II. MATHEMATICAL MODEL OF DC MICROGRID
AC-DC CONVERTER
The circuit topology of the three-phase AC-DC bidirectional
converter of the DC microgrid is shown in fig. 2 In order to
get a more concise mathematical expression of the AC-DC
converter, combined with the actual power system, make the
following assumptions:

a) The AC side power supply is an ideal three-phase
power supply.

b) The AC system is a symmetrical three-phase system.
c) The power switch has no transition process, no power

loss, and no dead zone.
In the picture: ea, eb, ec is the equivalent three-phase AC

power supply; ia, ib, ic is the AC side line current; R is the
line equivalent resistance; L is the line equivalent inductance;
C is the DC side voltage stabilizing capacitor; Udc is the

voltage across the DC side capacitor; idc is DC current at
both ends of the side; ic is the current flowing through the
ends of the capacitor; iL is the current flowing through both
ends of the load; RL is the equivalent load of the DC micro-
grid; Si is the switch function.
According to the circuit topology of the three-phase

AC-DC converter of the DC microgrid, the mathematical
model of the three-phase AC-DC bidirectional converter in
the three-phase static coordinate system can be obtained by
Kirchhoff’s law. The AC side model is equation (1).

L
dia
dt
= ea − Ria − (UdcSa −

Udc
3

∑
i=a,b,c

Si)

L
dib
dt
= eb − Rib − (UdcSb −

Udc
3

∑
i=a,b,c

Si)

L
dic
dt
= ec − Ric − (UdcSc −

Udc
3

∑
i=a,b,c

Si)

(1)

The DC side model is equation (2).

C
dUdc
dt
= iaSa + ibSb + icSc − iL (2)

In the above equation:

Si=

{
1, i phase upper swith is on
0, i phase bottom swith is on

i=a, b, c (3)

The current on the AC side is nonlinear and strongly
coupled, it is not conducive to the design of the controller.
Therefore, in order to simplify the controller design, it is
necessary to use coordinate transformation to change the
three-phase stationary coordinate system into a two-phase
rotating coordinate system.

The transformation matrix from the three-phase stationary
coordinate system to the two-phase stationary coordinate
system is equation (4).

C3s/2s =
2
3

 1 −
1
2

−
1
2

0

√
3
2

−

√
3
2

 (4)

The transformation matrix from the two-phase stationary
coordinate system to the two-phase rotating coordinate sys-
tem is equation (5).

C2s/2r =

[
cos θ sin θ
− sin θ cos θ

]
(5)

In the above equation: θ is the angle that the d-axis leads the
a-axis.

The mathematical model of three-phase AC-DC con-
verter in two-dimensional rotating coordinate system can be
obtained by simultaneous equation (1-5).

L
did
dt
= ed − Rid − UdcSd + ωLiq

L
diq
dt
= eq − Riq − UdcSq − ωLid

(6)
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C
dUdc
dt
=

3
2
(Sd id + Sqiq)− iL (7)

Both sides of equation (7) take derivatives of time at the
same time, and then combine equation (6) to get equation (8).

d2Udc
dt2

=
3

2LC

∑
k=d,q

(Skek − Sk ikR)−
3

2LC

∑
k=d,q

(SkUk )

+
3ω
2C

Sd iq −
1
C
i̇L −

3ω
2C

Sqid (8)

In the above equation: ed , eq are the components of the AC
side voltage vector of the three-phaseAC-DC converter on the
axis of the rotating coordinate system; id , iq are the compo-
nents of the AC side current vector of the three-phase AC-DC
converter on the axis of the rotating coordinate system; Sd , Sq
are the components of the AC side switching function of
the three-phase AC-DC converter on the axis of the rotating
coordinate system.

From equation (8), we can see that theAC-DCbidirectional
converter in the DC microgrid can be regarded as a second-
order system. For ameasurable second-order system, the state
variable and total disturbance of the system can be observed
by designing an appropriate linear expansion state observer.

III. DESIGN OF VOLTAGE OUTER LOOP BASED ON
VGLESO AND SLIDING MODE THEORY
As the core of linear active disturbance rejection control,
LESO can not only track the state variables in the system
in real time, but also approximate the total disturbance of
the system. Then, the system can be approximately compen-
sated through the disturbance compensation link, which is
equivalent to the structure of the feedforward control system.
It can significantly improve the dynamic characteristics of the
system. High gain LESO has the problem of "peak output" at
the initial stage of operation, which seriously affects the start-
up performance of the system. In order to solve this problem,
this paper designs VGLESO, which can effectively solve the
problem of "initial peak" of LESO, and improve the start-up
characteristics of the system.

Sliding mode control, as a kind of nonlinear control, has
low requirements on the mathematical model of the con-
trolled object and strong robustness to load changes. In the
actual implementation of sliding mode control, it is often
necessary to set a larger sliding mode coefficient to improve
the dynamic characteristics of the system. However, an exces-
sively large sliding mode coefficient will further amplify
the discontinuity of sliding mode control, resulting in high-
frequency "chattering" of the system, which seriously affects
the practical engineering application of sliding mode control.

In order to simplify the design of sliding mode control and
solve the "chattering" problem of sliding mode control, this
paper combines VGLESO and sliding mode control theory
to the design of voltage outer loop in three-phase AC-DC
converter control system. VGLESO can track all state vari-
ables in the system, which are applied to design the sliding
mode controller. In addition, VGLESO can estimate the total

disturbance of the system, that are approximately compen-
sated through the disturbance compensation link. This will
reduce the sliding mode coefficient, slows down the pressure
of sliding mode controller and suppresses the "chattering" of
sliding mode control.

A. CONTRADICTION ANALYISIS OF LESO OBSERVATION
ACCURACY AND INITIAL PEAKING PHENOMENON
For a second-order nonlinear system:

ẍ1 = f (x1, ẋ1,w(t))+ (b− b0)u(t)+ b0u(t) (9)

In the above equation: x1, ẋ1, ẍ1 are the state variable of the
system; f (x1, ẋ1,w(t))+ (b− b0)u(t) is the total disturbance
of the system; w(t) is the external disturbance of the system;
u(t) is the control variable of the system; b is the control gain
of the system, b0 is the approximate value of b; y = x1 is the
output of the system.

Let ẋ1 = x2, ẋ2 = x3 + b0u(t), x3 = f (x1, ẋ1,w(t)) +
(b−b0)u(t). In the modeling process of low-frequency three-
phase AC-DC converters, the switching function is often
described by the duty cycle, so it can be regarded as a small
constant. In practical control systems, u(t) is differentiable.
Therefore, x3 is differentiable. let ẋ3 = f . Then the expanded
system can be described as equation (10).

ẋ1 = x2
ẋ2 = x3 + b0u(t)
ẋ3 = f
y = x1

(10)

The corresponding third-order LESO is equation (11).
e(t) = z1(t)− x1(t)
ż1 = z2(t)− a1e(t)
ż2 = z3(t)− a2e(t)+ b0u(t)
ż3 = −a3e(t)

(11)

In the above equation: z1(t), z2(t) and z3(t) are the state
variables of the expanded state observer, a1, a2 and a3 are
all greater than zero, which is the error feedback gain of the
expanded state observer.

Known by equation (11):
z1(t) = x1(t)+ e(t)
z2(t) = ż1 + a1e(t)
z3(t) = ż2 + a2e(t)− b0u(t)

(12)

Further sorting equation (12) can get equation (13).
z1(t) = x1(t)+ e(t)
z2(t) = x2(t)+ a1e(t)+ ė(t)
z3(t) = x3(t)+ a2e(t)+ a1ė(t)+ ë(t)

(13)

From equation (13), we can see that LESO adjusts the
change of the observed value according to the deviation
signal of the observed value and the actual value, so as
to realize the tracking of the system state variables. From

VOLUME 8, 2020 186451



B. Wu et al.: Research and Simulation of DC Microgrid Three-Phase AC-DC Converter Control Strategy Based on Double Loop

the tracking process of state variables, LESO should firstly
complete the tracking of z1(t) to x1(t), secondly complete the
tracking of z2(t) to x2(t), and finally complete the tracking
of z3(t) to x3(t). Although the tracking of each state variable
is performed at the same time, the order of completion of
tracking should be like this. Before the adjustment of z1(t)
is completed, the adjustment of z2(t) and z3(t) to track their
respective actual values cannot be completed. When z1(t)
finishes tracking x1(t), it becomes difficult to track x2(t) and
x3(t). The reason is that the value of e(t) is very small at this
time. In order to enable LESO to continue tracking z2(t) to
x2(t) and z3(t) to x3(t), a2 and a3 need to be set to a larger
value. It can be seen from equation (13) that an excessively
large error gain coefficient will intensify the peak output
phenomenon of LESO at the initial time (e(t), ė(t) and ë(t) are
inherent characteristics of the system and cannot be changed).
This leads to the contradiction between the high gain LESO
tracking accuracy and the initial peak is not adjustable [23].

B. VGLESO DESIGN
In order to effectively solve the problem of high-gain LESO
output peak value at the initial moment, this paper designed
a VGLESO, the specific expression of which is shown in the
following equation.

e(t) = z1(t)− x1(t)
ż1 = z2(t)− a1e(t)
ż2 = z3(t)− a2β2(t)e(t)+ b0u(t)
ż3 = −a3β3(t)e(t)

(14)

In the above equation:

βi(t) =


(bit)ni , 0 ≤ t <

1
bi

1,
1
bi
≤ t

i = 2, 3 (15)

In the above equation: bi is used to limit the value of time t;
ni is used to limit the unevenness and degree of unevenness
of the function; 1 is to ensure that the parameters a1, a2, a3
are consistent with the parameters of high gain LESO. βi(t)
makes VGLESO not only effectively suppress the initial peak
phenomenon, but also maintain the high-precision tracking
performance of traditional high-gain LESO.

The traditional high-gain LESO error feedback gain selec-
tion method is usually to use pole placement [24].

The characteristic equation of equation (11) is
equation (16).

s3 + a1s2 + a2s+ a3 = 0 (16)

In order to obtain a good tracking effect, the pole of the
characteristic equation is usually placed at the bandwidth of
the observer.

s3 + a1s2 + a2s+ a3 = (s+ ω0)3 (17)

In the above equation: ω0 is the bandwidth of the linearly
expanded state observer

According to the nature of the identity, expand equa-
tion (17) to get equation (18):

a1 = 3ω0

a2 = 3ω2
0

a3 = ω3
0

(18)

As a result, the original configuration problem of LESO
parameters was transformed into the selection of LESO band-
width, which reduced the difficulty of parameter adjustment.

C. PROOF OF CONVERGENCE OF VGLESO
For the VGLESO convenience of proof, change equation (14)
to equation (19).

e(t) = z1(t)− x1(t)
ż1 = z2(t)− h1e(t)
ż2 = z3(t)− h2(t)e(t)+ b0u(t)
ż3 = −h3(t)e(t)

(19)

In the above equation:
h1 = a1
h2(t) = a2β2(t)
h3(t) = a3β3(t)

(20)

Let: 
e1(t) = z1(t)− x1(t)
e2(t) = z2(t)− x2(t)
e3(t) = z3(t)− x3(t)

(21)

Equation (22) can be get by equations (19-21).
ė1(t) = e2(t)− h1e1(t)
ė2(t) = e3(t)− h2(t)e1(t)
ė3(t) = −h3(t)e1(t)− f

(22)

Let:
X1 = e1(t)
X2 = e2(t)− h1e1(t)
X3 = e3(t)− h1e2(t)− (h2(t)− h21)e1(t)

(23)

Thus, the error state equation of variable gain LESO can
be obtained.

Ẋ1 = X2
Ẋ2 = X3
Ẋ3 = −h1X3 − h2(t)X2 − (ḣ2(t)+ h3(t))X1 − f

(24)

The characteristic equation of equation (24) is equation
(25).

s3 + h1s2 + h2(t)s+ ḣ2(t)+ h3(t) = 0 (25)

According to the Horwitz stability criterion, equation (25)
only needs to meet the conditions(11 > 0,12 > 0,13 > 0),
that the system is asymptotically stable at a large range at the
equilibrium point (e1(t) = 0, e2(t) = 0, e3(t) = 0), which
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means that VGLESO can track the system state variables and
disturbances well.

11 = h1 > 0

12 =

∣∣∣∣∣ h1 1
ḣ2(t)+ h3(t) h2(t)

∣∣∣∣∣
= h1h2(t)− ḣ2(t)− h3(t) > 0

13 =

∣∣∣∣∣∣∣
h1 1 0

ḣ2(t)+ h3(t) h2(t) h1
0 0 ḣ2(t)+ h3(t)

∣∣∣∣∣∣∣
= (ḣ2(t)+ h3(t))12 > 0

(26)

D. DESIGN OF SLIDING MODE CONTROLLER
BASED ON VGLESO
In order to obtain a good control effect, the voltage error of
the DC bus and the differential signal of the voltage error are
selected as the state variables of the sliding mode function.

Select the sliding mode function as the following equation:

s = ce+ ė (27)

According to the Horwitz stability criterion, if c is greater
than zero, the system (27) is asymptotically stable in a large
range.

In the above equation:{
e = Udcr − Udc
ė = U̇dcr − U̇dc

(28)

In the above equation: Udcr is the rated value of bus voltage
and Udc is the real-time value of bus voltage.

Take derivative of ė again to get equation (29).

ë = Üdcr − Üdc (29)

According to equation (8), the AC-DC bidirectional
converter of the DC microgrid can be equivalent to a
second-order system. For an observable second-order sys-
tem, the state variable and total disturbance can be tracked
and observed through the system (14). The specific tracking
method is as follows.

lim
t→∞

z1 = Udc

lim
t→∞

z2 = U̇dc

lim
t→∞

z3 = Üdc − b0u

(30)

In order to effectively suppress chattering and ensure that
the system state variables can reach the sliding mode surface
within a limited time, this paper uses an exponential approach
rate to design the sliding mode controller. The specific form
is shown by the following equation:

ṡ = −εsign(s)− ks (31)

In the above equation: ε > 0, k > 0, ε is the speed at which
the system state variable tends to the sliding mode surface.
If the value of ε is too small, the system will take a long
time to reach the sliding mode surface from the initial state.

FIGURE 3. Voltage outer loop controller.

And the dynamic characteristic of the system is very poor.
If the value of ε is too large, it will cause chattering of the
system, which is not conducive to the stability of the system.
k is the coefficient of the exponential approach term. The
larger the k value, the better the dynamic characteristics of
the system. But if the value of k is too large, it will aggravate
the chattering of the system [25], [26].

The control rate of the system can be obtained by simulta-
neous equation (27-31).

u = b−10 (εsign(s)+ ks− cz2 − z3) (32)

On the one hand, VGLESO overcomes the "initial peak"
phenomenon of high-gain LESO, ensures that the system has
a high tracking accuracy at the initial stage. On the other
hand, the state variables s, z2, z3 in equation (32) extraction
can be achieved through VGLESO, which greatly reduces the
number of actual system sensors used. Finally, from equation
(32), we can see that the disturbance compensation part is
added to the control rate u, which greatly reduces the sliding
mode coefficient and suppresses system chatter.

Figure 3 shows three-phase AC-DC voltage outer loop of
DC microgrid based on VGLESO and sliding mode theory.

IV. DESIGN OF CURRENT INNER LOOP BASED ON
ADAPTIVE PI CONTROLLER
As a typical control strategy, PI controller has been widely
used in modern control systems because of its good control
effects, simple designs and easy engineering implementation.
But in the actual control systems, once the parameters of PI
controller are set, it is difficult to be changed again. When
the parameters of the system are perturbed, the original gain
of PI controller is not the optimal control gain of the system.
Therefore, as for those systems whose parameters are easily
perturbed, PI control is difficult to achieve good control
effect. fal function is a special nonlinear structure, which
is the mathematical fitting of "small error, large gain; large
error, small gain" used in parameter adjustment of control
system. Combined with the characteristics of the fal function,
this article uses the fal function to correct the control gains
of the PI controller to improve the adaptability of the PI
controller. Then an adaptive PI control strategy is proposed
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FIGURE 4. Function output image corresponding to different δ.

and applied to the current inner loop in the DC microgrid
three-phase AC-DC converter control system.

A. INTRODUCTION OF ADAPTIVE PI CONTROLLER
The mathematical expression of the fal function is as follows:

fal(e, α, δ) =

{
|e|α sign(e), |e| ≥ δ
e

δ1−α
, |e| < δ

(33)

In the above equation: δ is the length of the linear region;
α is the exponential term coefficient, which is a constant
between (0-1), and determines the degree of nonlinearity of
the function and the rate of increase of the function; e is the
deviation signal of the system state variable.

In order to reflect the characteristics of the fal function
more intuitively, a fal function model was built in Matlab/
Simulink. The unit ramp function is used as input, keeping
α = 0.5 unchanged, δ taking different values, and observing
the effect of δ change on the function value of fal function.
The output result is shown in fig.4 (Because the fal function is
an odd function, only the function image in the first quadrant
is studied here. Same as below)

The unit ramp function is used as input, keeping the param-
eter δ = 0.5 unchanged, α taking different values, and
observing the effect of α change on the fal function. The
output waveform is shown in fig.5.

It can be seen from fig.4 that the value of δ not only
determines the length of the linear region of the fal function,
but also determines whether the slope of the fal function in
the range of (0, δ) is greater than 1. Therefore, when the
deviation signal is the input of the controller, the feedback
gain can be corrected by adjusting the δ parameter of the
fal function. This can ensure that when the deviation signal
is small, the gain of PI controller is larger (more than the
linear gain), so that the system has better control accuracy
and efficiency.

Combining equation (33) and fig.5, we can see that the
curve has changed at δ = 0.5. The curve is linear in the
range of δ < 0.5. And the curve is non-linear in the range of
δ ≥ 0.5. The degree of nonlinearity of the curve is inversely
related to the value of α. Therefore, when the deviation signal
of the state variable is used as the input of the controller,

FIGURE 5. Function output image corresponding to different α.

FIGURE 6. Adaptive PI controller based on fal function.

the feedback gain can be corrected by adjusting the α param-
eter of the fal function. When the state variable deviation
signal is large, the gain of the PI controller is small; When
the state variable deviation signal is small, the gain of the PI
controller is large. This can ensure that the PI controller has
good adaptability to the system load parameter perturbation.

In conclusion, the control law of the adaptive PI controller
is equation (34).

u0 = kpfal(e, αp, δp)+ kifal(e, αi, δi) (34)

In the above equation: kp is the proportional gain, ki is the
differential gain.

The structure of adaptive PI controller based on fal func-
tion is shown in fig.6.

B. DESIGN OF CURRENT INNER LOOP BASED ON
TRADITIONAL PI CONTROLLER
The mathematical model of the DC microgrid three-phase
AC-DC converter in the two-dimensional rotating coordinate
system is equation (6).

Let: {
Ud = SdUdc
Uq = SqUdc

(35)

In the equation: Ud is the output variable of the d-axis of
the current inner loop; Uq is the output variable of the q-axis
of the current inner loop; Sd and Sq are the corresponding
components of the switch function Si(i = a, b, c) in the
two-dimensional rotating coordinate system. Udc is the DC
microgrid bus voltage.
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Equation (36) can be obtained by combining equations (6)
and (35). 

Ud = −L
did
dt
− Rid + ed + ωLiq

Uq = −L
diq
dt
− Riq + eq − ωLid

(36)

In the above equation: id and iq are the corresponding cur-
rent component of ia, ib, ic in the two-dimensional rotating
coordinate system; ed and eq are the corresponding voltage
components of the voltage vectors Ua,Ub,Uc in the two-
dimensional rotating coordinate system; ω is the rotation
angular frequency of the AC grid; L is the line equivalent
inductance; R is the line equivalent resistance.

In the initial state of zero, the Laplace transform is taken
on both sides of equation (36) at the same time, and the fre-
quency domain equation of the three-phase AC-DC bidirec-
tional converter in the two-phase rotating coordinate system
is obtained.{

Ud (s) = −LsId (s)− RId (s)+ ed (s)+ ωLIq(s)
Uq(s) = −LsIq(s)− RIq(s)+ eq(s)− ωLId (s)

(37)

In the above equation: Id (s) is the Laplace transform of id ;
Iq(s) is the Laplace transform of iq; ed (s) is the Laplace
transform of ed ; eq(s) is the Laplace transform of eq; Ud (s) is
the Laplace transform of Ud ; Uq(s) is the Laplace transform
of Uq.

Equation (38) can be obtained by sorting out equation (37).{
ed (s)− Ud (s)+ ωLIq(s) = (Ls+ R)Id (s)
eq(s)− Uq(s)− ωLId (s) = (Ls+ R)Iq(s)

(38)

According to equations (37) (38), we can see that in the
two-dimensional rotating coordinate system, the output vari-
able Ud (s),Uq(s) and the input variable Iq(s), Id (s) of the
system are coupled. It is difficult to design a controller for
a coupled system. Thus, it is necessary to take a feedforward
decoupling method to achieve decoupling control between dq
axis state variables. The specific decoupling method is given
in APPENDIX C.

After complete decoupling, when PI control strategy is
adopted in the current inner loop of the three-phase AC-DC
converter control system, the output equation of the controller
can be obtained.
Ud (s)=−(kpd+

kid
s
)(I∗d (s)−Id (s))+ed (s)+ωLIq(s)

Uq(s)=−(kpq+
kiq
s
)(I∗q (s)−Iq(s))+eq(s)−ωLId (s)

(39)

Equation (40) can be obtained by substituting equation (39)
into equation (37).

(Ls+ R)Id (s) = (kpd +
kid
s
)(I∗d (s)− Id (s))

(Ls+ R)Iq(s) = (kpq +
kiq
s
)(I∗q (s)− Iq(s))

(40)

In the above equation: kpd is the d-axis proportional gain; kpq
is the q-axis proportional gain; kid is the d-axis integral gain;

FIGURE 7. Current inner loop control block diagram schematic.

FIGURE 8. Simplified current inner loop control block diagram.

kiq is the q-axis integral gain; I∗d (s) is the d-axis current inner
loop reference value; I∗q (s) is the q-axis current inner loop
reference value.

C. CONTRADICTION ANALYSIS BETWEEN OPTIMAL
PARATTER SETTING OF PI CONTROLLER AND
PARATTER PERTURBATION OF SYSTEM
Since the two current inner loops in dq coordinate system are
symmetrical, so only the design of d-axis current inner loop is
given to be an example for analysis. Considering the sampling
delay of signal and the small inertia characteristic of PWM
control, the current inner loop control block diagram is shown
in fig.7.

In fig.7: Ts is the current sampling period; KPWM is the
equivalent gain of the converter PWM control system.

In order to reduce the difficulty of parameter setting of PI
controller, the small time constant Ts is combined with 0.5 Ts.
Rewrite the transfer function of the PI controller to the pole-
zero form, which is showed in equation (41). The simplified
current inner loop control block diagram can be obtained,
as shown in fig.8.

kp +
ki
s
= kp(

τis+ 1
τis

) (41)

In the above equation: τi is the integral time constant, ki =
kp
/
τi.
In order to ensure that the current inner loop has good

tracking characteristic, the parameters of the PI controller
are set according to a typical I system. It can be seen from
fig.8, if the zero point of the PI controller is used to cancel
the pole of the controlled object’s transfer function, that is,
let τi = L

/
R. The open-loop transfer function of the current

inner loop can be obtained, which is designed according to
the typical I-type system.

The corrected open-loop transfer function of the current
inner loop is equation (42).

G0(s) =
kpKPWM

Rτis(1.5Tss+ 1)
(42)

The open-loop transfer function of a typical type I system
is equation (43).

Gi(s) =
ω2
n

s(s+ 2ξωn)
(43)
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In the above equation:Gi(s) is the open-loop transfer function
of the standard I system; ωn is the angular frequency of
natural oscillation; ξ is the damping ratio.
When the damping ratio is equal to

√
2
/
2, equation (44)

can be obtained by simultaneous equations (42) and (43).

1.5TskpKPWM
L

=
1
2

(44)

The proportional and integral gains can be obtained by
equation (44). 

kp =
L

3TsKPWM

ki =
R

3TsKPWM

(45)

According to equation (45), once the system parameters R
and L are determined, the optimal control gain of the system
will be determined. It’s hard to be changed again, when kp
and ki are set. Therefore, when the system parameters (R, L)
are perturbed, the previously control gain will no longer be
the optimal control gain. It will reduce the dynamic charac-
teristics of power system and affect the reliability of power
supply. So it is necessary to adopt an adaptive PI controller to
solve this problem.

D. DESIGN OF CURRENT INNER LOOP
BASED ON ADAPTIVE PI
For the problems mentioned in section C, the PI controller
gain can be corrected by the fal function introduced in
section A. The specific implementation way is shown in
equation (46).

Ud (s) = −(kpd falpd +
kid falid

s
)(I∗d (s)− Id (s))

+ ed (s)+ ωLIq(s)

Uq(s) = −(kpqfalpq +
kiqfaliq
s

)(I∗q (s)− Iq(s))

+ eq(s)− ωLId (s)

(46)

In the above equation: falpd is the d-axis proportional gain
correction function; falid is the d-axis integral gain correc-
tion function; falpq is the q-axis proportional gain correction
function; faliq is the q-axis integral gain correction function.

V. SIMULATION AND ANALYSIS
In order to test the suppression effect of VGLESO on the
"initial peak" and verify the control effect of the control
strategy proposed in this paper, the DC microgrid shown
in fig.9 was built in Matlab/Simulink. In the simulation pro-
gram, the sampling period is 0.00005s, the limiting link is
[−450, 450]. System parameters and controller parameters
are shown in APPENDIX A and APPENDIX B.

A. VGLESO INHIBITORY EFFCT ON LESO INITIAL PEAK
Figure 10 shows the tracking curves of VGLESO and tradi-
tional high gain LESO to the system state variable Udc. It can
be seen from the figure that under the premise of ensuring

FIGURE 9. DC microgrid.

FIGURE 10. Tracking curve of state variable x1 (Udc ).

FIGURE 11. Tracking curve of state variable x2 (ic ).

the same tracking accuracy, VGLESO effectively weakens
the initial peak of high gain LESO.

It is not conducive to measure the value of the state variable
U̇dc. Because the U̇dc has no clear physical meaning. Thus,
the state variable U̇dc is converted into a current ic flowing
through the two ends of the capacitor. According to equation
(46), we know that the value size of ic reflects the change
of U̇dc. As can be seen from fig.11, the initial peak value of
VGLESO is about half of that of LESO.

CU̇dc = ic (47)
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FIGURE 12. Starting characteristics.

B. STUDY ON SYSTEM START-UP CHARACTERISTICS
Figure 12 shows the waveform of bus voltage when bidi-
rectional AC-DC converter is started with different control
strategies. It can be seen from the figure that, on the one
hand, the rise time of the system under the control of the
two controllers is the same, but the overshoot of the two
controllers is quite different. Among them, the overshoot of
the system under the control of VGLESO and SMC is almost
zero, while the overshoot of the system under the control of
LESO and SMC is 7%. On the other hand, when the bus
voltage reaches the rated voltage 700V, the system under
the control of VGLESO and SMC is basically maintained
near the rated voltage, almost no transient process, while the
system under the control of LESO and SMC needs a series
of transition processes to maintain near the rated voltage. In
conclusion, the start-up performance based on VGLESO and
SMC controller is better than that based on LESO and SMC
controller.

C. STUDY ON THE INFLUENCE OF THE VOLTAGE
FLUCTUATION OF THE BUS WHEN THE LOAD
ON THE DC SIDE SUDDENLY REDUCES BY HALF
In order to study the influence of sudden load halving on bus
voltage, the simulation experiments under two conditions are
carried out.

a) Condition 1: The system operates stably before 0.5s.
At 0.5s, the resistive load is suddenly halved, and the
bus voltage fluctuation diagram is shown in fig.13.

b) Condition 2: The system operates stably before 0.9s.
At 0.9s, the constant power load is suddenly halved, and
the bus voltage fluctuation diagram is shown in fig.14.

When the load current suddenly decreases, since the volt-
age across the capacitor cannot be abrupt, the change of the
current idc on the DC side lags behind the change of the
load current iL . So the current ic flowing across the capac-
itor should be reduced. According to equation (48), the bus
voltage will drop.

1Udc =
1
c

∫ t

t0
1icdt (48)

It can be seen from fig.13 and fig.14 that the control per-
formance of VGLESO and SMC is now consistent with the
control effect of LESO and SMC, and the transition process

FIGURE 13. Voltage fluctuation diagram of resistance load suddenly
halved.

FIGURE 14. Voltage fluctuation diagram of bus with sudden half
reduction of constant power rate load.

time and voltage oscillation range of both are smaller than PI
control strategy. Therefore, the control strategy proposed in
this paper can suppress the voltage fluctuation of DC bus and
shorten the transition time of the system.

D. STUDY ON THE INFLUENCE OF PARAMETER
FLUCTURTION ON BUS VOLTAGE
In order to study the control effect of the adaptive PI con-
troller, two groups of parameter perturbations under different
operating conditions are implemented in Matlab / Simulink.

a) Condition 1: The system is stable before 1.3s. At 1.3s,
the equivalent load of phase a line suddenly increases
from 1 � to 3 �. At 1.5s, the parameter perturbation
disappears and the AC system becomes a balanced
three-phase system. The bus voltage fluctuation dia-
gram is shown in fig.15 (a).

b) Condition 2: The system operates stably before 2.6s.
At 2.6s, the equivalent load of phase a line suddenly
decreases from 1 � to 0.1 �; at 2.8s, the equivalent
load of phase B and C lines also drops to 0.1 �. The
bus voltage fluctuation diagram is shown in fig.15(b).

It can be seen from fig.17 (a) (b) that when the sys-
tem parameters are disturbed, compared with PI controller,
the overshoot of adaptive PI controller is smaller ( the drop is
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FIGURE 15. Voltage fluctuation diagram of parameter perturbation bus
(a) Parameter increase (b) Parameter reduction.

FIGURE 16. Three phase voltage waveform.

smaller), and the transition time is shorter .When the system
reaches the steady state again, the system voltage fluctuation
under the control of the adaptive PI controller is smaller
and the steady state characteristic is better. In conclusion,
the adaptive PI controller has stronger adaptability to system
parameter perturbation.

E. STUDY ON THE INFLUENCE OF AC SIDE VOLTAGE DROP
ON BUS VOLTAGE
In order to study the low voltage ride through capability of
the control strategy proposed in this paper, the following
experiments are carried out in Matlab / Simulink. At 3.3s,
the voltage at the AC side suddenly drops by 50%with a dura-
tion of 0.2s. fig.16 shows the three-phase voltage waveform,

FIGURE 17. DC bus voltage waveform.

and fig.17 shows the corresponding DC bus voltage
waveform.

It can be seen from fig.17 that when the voltage drops,
the bus voltage dropping amplitude of the control strategy
proposed in this paper is about half of that of PI controller.
When the voltage recovers, the voltage overshoot of the con-
trol strategy proposed in this paper is about half of that of PI
controller. To sum up, the control strategy proposed in this
paper has stronger ability of low voltage ride through

VI. CONCLUSION
Aiming at the mathematical model of AC-DC converter in
DC microgrid, considering the initial peak value of high gain
LESO, a VGLESO is designed to track and estimate the state
variables and total disturbances of the system. And the con-
vergence of the VGLESO is proved. On this basis, the vari-
able gain active disturbance rejection sliding mode control
strategy is designed by combining the sliding mode theory
with VGLESO. In addition, aiming at the problem that the
traditional PI controller is too sensitive to the system param-
eter perturbation, the adaptive PI control law based on the fal
function is designed.

The simulation results show that, compared with the high
gain LESO, the VGLESO designed in this paper can not
effectively weaken the initial peak phenomenon, but also
maintain the high observation accuracy of the high gain
LESO. The control strategy based on VGLESO and sliding
mode theory can realize the feedforward control without addi-
tional current sensors, which improves the dynamic quality
of the control system. At the same time, compared with the
traditional linear PI controller, the adaptive PI controller can
overcome the influence of parameter perturbation on the bus
voltage. Finally, because the design of the two controllers
does not depend on the structure and parameters of the sys-
tem, they have strong robustness and portability, especially
for the nonlinear system which is difficult to establish accu-
rate mathematical model.

Although VGLESO weakens the output peak of LESO at
the initial moment and enhances its engineering practicabil-
ity, its parameter designs are based on the working experi-
ence of researchers. It is not conducive for the large-scale
industrial promotion of this technology. Therefore, the next
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TABLE 1. System parameters.

TABLE 2. Controller parameters.

work of the author is to give the parameter setting criteria of
VGLESO.

APPENDIX A
See Table 1.

APPENDIX B
See Table 2.

APPENDIX C
The feed-forward variables −ωLIq(s) and ωLId (s) are intro-
duced into the output of the AC voltage of the three-phase
converter to cancel the items with ωLIq(s) and −ωLId (s)
in the converter structure, which realizes the decoupling
between the dq axis state variables. After decoupling,

FIGURE 18. Feedforward decoupling control of three-phase AC-DC
converter (a) Feedforward decoupling diagram of three-phase AC-DC
converter (b) Equivalent model of three-phase AC-DC converter after
feedforward decoupling.

FIGURE 19. Single-axis feedforward decoupling control of three-phase
AC-DC converter (a) Single axis feedforward decoupling diagram of
three-phase AC-DC converter (b) Equivalent model of three-phase AC-DC
converter after single-axis feedforward decoupling.

FIGURE 20. Schematic diagram of current decoupling control (a) Block
diagram of current decoupling control based on PI controller (b) The dq
mathematical model of three-phase AC-DC converter.

the structure of the system is transformed into two indepen-
dent parts, as shown in fig.(18).

It can be seen from (b) in fig.(18) that although the feed-
forward compensation realizes decoupling of state variables
of d-axis and q-axis, it does not realize complete decoupling.
Because the value of Id (s) is not only influenced byUd (s), but
also by ed (s). Therefore, there is coupling between Id (s) and
ed (s), which is detrimental to the design of the controller.For
this reason, it is necessary to adopt the feedforward decou-
pling strategy again to achieve the decoupling of Id (s) and
ed (s). The specific implementation method is that −ed (s) is
introduced into the AC output side of the three-phase AC-DC
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converter to cancel the ed (s) in the converter structure, so as
to realize the decoupling of Id (s) and ed (s) (The analysis of
the q-axis is similar to that of the d-axis, so it is not repeated
here.) The structure diagram of the system before and after
decoupling is shown in fig.(19).

According to equation (39), after twice feedforward decou-
pling controls, the grid-side d-axis frequency domain equa-
tion of the three-phase AC-DC converter contains only the
d-axis component, which realizes complete decoupling. This
makes the design of the PI controller easier and the system
more stable. The schematic diagram of current decoupling
control is shown in fig. (20).
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