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ABSTRACT In order to solve the problem of insufficient control performance of various traditional
control strategies in the complex environment of grid-connected inverters, the active disturbance rejection
control (ADRC) strategy based on the virtual synchronous generator (VSG) is proposed. The mathematical
model of a grid-connected photovoltaic inverter based on the VSG is built. The proposed control strategy
provides the inverter with more disturbance attenuation and provides rotational inertia. The control strategy
estimates and compensates the total disturbance and generates the reference active power and reactive
power by ADRC. The control strategy converts the three-phase voltage and current outputs into positive
and negative sequences on the dq reference frame. The VSG control module generates a reference voltage
command and outputs it to the dual closed loop PI feedforward decoupling control. The PWM signal is finally
obtained by the PI feedforward decoupling control. The ADRC strategy based on the VSG does not change
the original control characteristics of the VSG; it retains the characteristics of the synchronous generator,
and it also provides inertia and damping for the power grid. The simulation shows that the ADRC strategy
based on the VSG applied to the inverter can attenuate disturbances. Under the unfavorable conditions of the
unstable reference power, such as the unbalanced three-phase voltage and the random disturbance, the output
power matches the international electricity standard.

INDEX TERMS Virtual synchronous generator (VSG), active disturbance rejection control (ADRC), power

control, grid-connected inverter, positive and negative separation.

I. INTRODUCTION

With the increasing number of renewable power generations
which including a lot of power electronics devices that do
not provide inertia in the power grid system, the propor-
tion of synchronous generators that provide system inertia
is decreased, which results in a decrease in the total inertia
of the system. When the load power changes, for example,
it increases by 50\%, the power grid frequency does not
match the IEC standard, which will have an adverse effect on
the stable operation of the power grid and the generator [1].
Because of the slow response of PID control, dynamic dis-
turbances cannot be quickly attenuated or unattenuated, the
controller performance become worse. The linear weighting
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of proportional, integral and derivative links does not
reach the optimal control and they are not the optimal
combination [2]. The output power can be tracked by PQ
control. However, the control accuracy is bad, the distur-
bance cannot be attenuated by PQ control in the case of a
significantly disturbance. This makes the reference power
cannot be well tracked. Droop control simulates the drooping
characteristics of the synchronous generator. The inverter
feeds back the detected active power and reactive power back
to input, and multiplies the command value of the output
voltage amplitude and voltage frequency by a droop coef-
ficient. It obtains the system voltage amplitude and power
angle which meet the requirements of the power grid [3].
Droop control structure is simple and its performance is
reliable, But the output of droop control is not satisfied,
the inertia for the system cannot be provided, when the load
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power changes, the fluctuation of the grid frequency cannot
be attenuated [4]. In [5], an ADP algorithm for suppressing
random disturbances is proposed, which uses reinforcement
learning and adaptive dynamic programming to obtain an
optimal controller. However, the combination of ADP and
other algorithms, the stability and convergence of the con-
troller cannot be guaranteed. The ideal grid-connected pho-
tovoltaic inverter can not only provide high-quality power to
the power grid, but also can support the frequency and voltage
amplitude of the power grid. In case of unknown disturbance,
the disturbance can be attenuated as much as possible to
ensure that the power grid is safe and stable. In conventional
power systems, a large number of synchronous generators
provide sufficient system rotational inertia to support the grid
voltage and grid frequency. However, the physical structure
of distributed inverters and synchronous generators are so
different that distributed inverters cannot provide inertia [6].

A VSG-based ADRC method was proposed, which added
an ADRC module in addition to the original VSG controller.
It is used to solve the stability problem of the grid-connected
inverter, and ensure the synchronization of the grid-connected
inverter when the grid-connected inverter is disturbed. The
VSG simulates the behavior of the synchronous generator and
simulates the oscillation equation of the synchronous gener-
ator to express the virtual inertia [7]. Similar to the droop
control, the VSG controller simulates the characteristics of
the generator. The reference active power and reactive power
as the input to the VSG controller, the voltage amplitude
and phase angle are obtained by the VSG controller. How-
ever, VSG control provides virtual inertia to the system and
has better control accuracy than droop control. [8]. VSG is
divided into voltage type and current type. The current type
VSG control strategy is suitable for low-permeability power
grid environment, and voltage type VSG is suitable for high-
permeability power grid environment [9]. This paper uses a
voltage type VSG control strategy. The VSG can provide
the system with the features of frequency regulation and
voltage regulation. In [10], VSG is used to control the output
frequency and power. However, the addition of the VSG also
brings oscillation risks, especially in complex environment.
VSG control will have dynamic instability under significantly
disturbances, the dynamic stability of the system will be
affected by the significantly disturbance. In [11], the stability
problem of synchronous motor under small disturbance is
analyzed. In [12], the power control of the VSG when the grid
frequency change and the grid voltage change is proposed,
the control strategy can output constant active power and
constant reactive power. When the grid voltage is unbalanced,
the proposed control strategy will fail. In [13], a VSG control
strategy is proposed, in the case of voltage dips to enhance
the VSG’s low-voltage ride-through capability so that the
inverter would not be off-grid in the event of a voltage dip.
In order to ensure that the inverter can work in a complex
environment and solve the stability problem of VSG control
to further reduce the steady-state error, the ADRC mod-
ule is added. The ADRC combines the advantages of PID
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control but overcomes the disadvantages of slow response
and easy overshoot in PID control [14]. The ADRC does
not depend on the exact model of the controlled system.
It only needs to know the order and approximate gain of
the controlled system, then an ADRC can be designed [15].
In [2] and [16]-[19], ADRC is used in different control sys-
tems and has good control performance. In [20] and [21],
ADRC is combined with other control methods and has good
control performance. In [22], An improved ADRC was pro-
posed and used in nonlinear systems. There are mainly three
parts of the ADRC, which is the tracking differential(TD),
linear state error feedback law(LSEF), and extended state
observer(ESO) [23]. ADRC is a similar control strategy to the
improved PID control with better control performance [24].
ADRC can effectively attenuated unknown disturbances and
has excellent adaptability to external disturbances, which can
guarantee the closed-loop stability of the system [25], [26].
In this paper, an ADRC strategy based on a VSG is pro-
posed. the outer loop is ADRC, the inner loop is VSG. The
mathematical model of the inverter and the mathematical
model of the controller is analyzed in detail in section II.
In section III, some compensation is added to the final output
of the controller, which enhances the ability to attenuate
disturbances. In section IV, simulations are carried out in
different situations, and the proposed strategy is realized.
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FIGURE 1. ADRC block diagram based on VSG.

Il. ADRC STRATEGY BASED ON VSG

A block diagram of ADRC based on VSG is showed in
Figure 1. VSG control is a control strategy that simulates
the working principle of synchronous generator. It makes the
inverter have the external characteristics of synchronous gen-
erator and provides inertia for the system. However, the effect
of individual VSG control is not ideal. In the case of external
disturbances, the disturbance of the output power cannot be
suppressed. ADRC is a new type of controller that retains the
basic framework of PID control but improves local functions.
It can suppress disturbances very well. In Figure 1, Uy, is the
DC side voltage source, R is the equivalent line resistance,
L is the inductance, C is the filter capacitor, i, ip, i are the
output three-phase current of the inverter side respectively,
Assume that the filter capacitor is ignored, which is means
the three-phase current on the inverter side is the same as
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the three-phase current on the grid side. u,, up, u. are the
output three-phase voltage on the inverter side. ugq, Ugp, Uge
are the three-phase voltage on the grid side. P* and Q* are
the active power and reactive power, which are calculated by
Ugabe, labe- P* and Q* are the reference values of active power
and reactive power. As shown in Figure 1, P* and Q* use an
ADRC algorithm to output P*! and Q*!, P*! and Q*! contain
disturbance information. We can obtain the amplitude and
phase angle of the inverter output voltage through the VSG
control, and output the three-phase voltage, next, through the
current calculation and the current decoupling control loop,
Transform the three-phase voltage into obtain the three-phase
modulation signal output to the PWM to control the IGBT.
Under this control strategy, the reference power can be well
tracked by the power output by the inverter.

A. INVERTER MODELING
Consider the inverter in Figure 1, ignoring the effect of the
filter capacitor, it can establish the relationship between the
voltage on the inverter side, the voltage of the grid, and
the inverter output current.

digpe

Rigpe + L—— dt

= Uabc —Ugabc (D
In Equation 1, ugpe, iabe, Ugabe are the inverter side voltage,
side current and grid voltage, L is the inductance and R is
line resistance. Grid-connected inverter output active power
and reactive power are:

P = ugaiq + ugpip + ugeic
Q= (ugaia + ugbib + ugcic)/\/3 2
§ = egapiop

B. VSG CONTROL STRATEGY
The principle of a synchronous generator is simulated
by VSG. The VSG control consists of two links, active power
control and reactive power control [27]. In VSG the active
power control is used to adjust the frequency, corresponds
to the speed control system and introduces the inertia and
damping links in the active power control. The reactive power
is used to adjust the voltage amplitude, corresponding to the
excitation system, making the external characteristics of the
inverter and the traditional Synchronous generator are similar,
which can provide the rotational inertia to ensure the smooth
operation of the grid. According to the structure of a syn-
chronous generator, the VSG control links are designed [28].
As shown in Figure 2, J and K are the integral coefficients,
D is the damping coefficient, wy is the rated angular velocity,
U and P are the output voltage amplitude and phase angle
respectively, and ugp. is the three-phase Voltage. The P-f
control of the VSG realizes the control of the output phase
angle P at the inverter side by subtracting the given active
power from the actual active power. The Q-V control link
realizes the voltage tracking by subtracting the given reactive
power and the actual reactive power. The inverter side voltage
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FIGURE 2. VSG control block diagram.

amplitude U is controlled by U and P to generate the inverter
command voltage ugpe [29].
Active power control:

d 1[1
. {—(P*Z—Pe) —w}
dt J | wo (3)
dw
S
Reactive power control:
Y —ke?-0 @
dt
U sin(#)
u* = | Usin(® — 27 /3) 3)

U sin(0 + 27 /3)

C. CURRENT COMMAND CONTROL
According to the mathematical model of the inverter, the cur-
rent command calculation equation and the PI decoupled
current control loop can be obtained. The ratio of inductance
and resistance in the low-voltage line of the micro-grid is
small, there is a coupling between the active and reactive
power controlled by the VSG, and the dominant virtual reac-
tance can be introduced in the control section of the inverter.
In other words, a virtual impedance control link is added,
dg-axis current command is generated. Then, through the
feed forward PI decoupling control, the dg-axis modulation
voltage is generated, and the three-phase modulation voltage
is converted to the abc reference frame is output to the PWM.
Ignoring the effect of the inverter filter capacitor, the rela-
tionship between and the inverter side current and the voltage
and the grid voltage can be obtained. This is a simple math-
ematical model of the inverter. We can take the synchronous
generator equation and the inverter mathematical equation as
the prototype, and then the relationship between VSG output
voltage and command current and grid voltage are obtained.
labes Ugabes Uy, are current command values, grid voltage,
and VSG output voltage in the abc reference frame.

R[*}+X[**-=[”§}—_”gd] ©6)
lq d 1 Mq _ugq
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FIGURE 3. Virtual impedance control block diagram.
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FIGURE 4. PI decoupling control block diagram.

In equation 8, u; and uj are the dg-axis voltage com-
ponents obtained by the dq transformation of the reference
voltage; ugq and ugy, are the dg-axis components of the grid
voltage; i; and iy are the current command values, and they
are the output of the virtual impedance control link, which
output the three-phase modulation voltage through the feed-
forward decoupling control link. Feed forward decoupled PI
control is shown below.

dudl

7 = kil (l; - ld)

duql . ,

a e (’3 - “’) )
Ug = g1 + kp1 (i:’} — id) —Xig + ugq

—iq) +Xia + tgg

ug = g1 +kpp (zj;

D. ADRC STRATEGY

There are three main parts of the ADRC, TD, LSEF, and ESO.
The TD is a transition link, makes the given signal filtered,
filters out possible interference at the input, and the phase
is corrected [30]. The LSEF adds the given signal which is
processed by the TD and the signal which is feedback by the
ESO together, plus the total disturbance, it can be seen as the
control signal of the controlled target [31]. For an inverter
with LC filtering, ignoring the role of the capacitor, it can
be seen as a first-order controlled object, a first-order ADRC
is designed for it, and the (ESO) is second-order for ease of
control and parameter tuning. The linear observer is selected
for the (ESO) and the ADRC is designed is as follows. In the
same way, the same ADRC is designed for reactive power.

First-order TD:

ey = P*—p*

. 10
Pl = —req (10)
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FIGURE 5. First-order ADRC block diagram.
linear ESO:
€ =21—p
71 =22 — Brex+bu (11)
2= —pes

First-order LSEF:

83 — P*l _Zl
uy = ke (12)
u=up—2z1/b

For the ADRC, there are four parameters that need to be
coordinated and set. They are kB, B>, b. B2 and b affect
the observer’s estimated output of disturbance and improve
the response speed of the system. 8 inhibits overshoot and
oscillation [32]. The poles of the ESO are configured and then
the characteristic equation of the ESO can be obtained

D(S) = s* + Bis + Bo.

The stability condition is that the roots of D(S) is located
in the left half of the s plane. §; > 0 and > > 0 can
guarantee controller stability [33]. In order to enhance the
stability margin of the system, the root of the characteristic
equation is kept away from the imaginary axis. When the
roots of the characteristic equations are the same, the system
is the most stable, there is /312 = 48,. The bandwidth w of the
ESO is introduced, and the pole of the observer is arranged
at —wyp. There is B1 = 2wy, B2 = w%. In actual parameter
adjustment, it is not necessary to strictly adjust in accordance
with this rule. By selecting appropriate parameters, we can
make the control performance meet the requirements.

Ill. ANALYSIS OF ADRC DESIGN BASED ON VSG

A. IMPROVEMENT OF VSG CONTROL STRATEGY

When the inverter is connected to the grid, the active and
reactive power of the inverter output is required to track the
reference value [34]. However, when the three-phase voltage
of the power grid is unbalanced, the output voltage of the
inverter is controlled by the power grid, and the output volt-
age is three-phase unbalanced, and the power fluctuation is
suppressed as a control target. Considering the unbalanced
power grid, the output power of the grid-connected inverter
can be derived from the following equations.
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The mathematical model of grid voltage

Ugq E*tcos (wot +6)
Ugp | = Etcos (wot + 6 — 120°)
Uge Etcos (wot + 6 + 120°)
E~cos (wot + 0)
+ | E”cos (wot + 6 + 120°) (13)

E~cos (wot + 6 — 120°)
In the of8 axis:
] =L L]
Ugp uﬁ uﬁ
_ [ ETcos (wot +6) E~cos (wot + 0)
T | ETtsin (wot +6) —E " sin (wot + 6)

(14)
Equation 14 is represented as a vector
gy = E+e001H0) 4 F= iw0+0) (15)
Expressed on the dq axis
Ugap = U @O0 u, ¢TI0 (16)

The mathematical model of current:

i | i i

is | = i | T i
_ [ 1tcos (wor + 6) I~ cos (wot + 6) 17
T | I'tsin (wot + 6) —I " sin (wot + 0) a7

igp = IT/M0F0) 4 =i 0n0r+0) (18)
iup = i;rq o/ vor+6) i;qe—j(wmw) (19)
Output Power:

S = Uapiap = (e;‘qe/'(wot-i-G) i e;qe—j(wot—&-e))

x (i eI g el (20)
P = P 4 P,,5c052 (wot + 0) + Pginsin2 (wot +6) (21)

P = thggly +“gqq +”gd’d +”gqq
Poos = ugdld + ugq 7 + 4 ugdld + ng 7 (22)
Poin = gyl = Uegly —Uyiy + gy

Q= Q0 + Qcoscos2 (wot + 0) + Qyinsin2 (wot + 0) (23)
0’ = ;'qu gdq+u i ugdq
Qeos = ”gqld ”gd 4t ”gqld ”gd q (24)
Osin = — gdd ugqq +ugdd +ugqq

Therefore, we have obtained the active power and reactive
power of the inverter output under the grid voltage imbalance.
In the above equation, PO and Q0 are the average values
of the output active power and reactive power respectively,
Pcos, Psin, Ocos, Osin are output active power and reactive
power fluctuation amplitudes, respectively. In order to sup-
press the fluctuation of the active power, the output active
power should not contain a fluctuating component. We can
make P.s = Psn = 0, positive and negative sequence
current command values can be compensated, The original
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control structure is unchanged, Positive sequence and nega-
tive sequence instructions are separately controlled. The com-
pensated positive and negative sequence current command
values are:

—+ - 2 2
=i (1-K3 -2
=iy (1+kdd+k )

(25)
i;_ =—i; + (_kddld — kqdl;)
iz = =iy + (kaalf — kqa)
In equation 25, kgg = e, /e:{, kga = e, /e;. In order

to suppress the fluctuation of the reactive power, that is
mean the output active power does not contain a fluctuating
component, P, = Py, = 0, Positive and negative sequence
current command values can be compensated.

it =i (14K + )

it =iz (1- k3, - qud)

i = =iz + (kaall + kqal})
i = =iy + (~kaall + kqa)

(26)

B. CONTROLLER PARAMETER ADJUSTMENT

The VSG can simulate the characteristics of a synchronous
generator. When the ADRC is not added, the parameters
of the VSG are adjusted. When the stability of the VSG is
satisfied, the values of the moment of inertia and the damping
coefficient are reasonably adjusted to make the VSG have
moderate damping and short response time. ADRC has four
parameters that need to be set. They are B, B2, b, k. Use
pole placement method and bandwidth method to simplify the
number of parameters, get a set of suitable parameters, and
then slightly change the values of 81 and B, so that ADRC
has a stronger ability to suppress disturbances and improve
response speed.

IV. SIMULATION
The ADRC strategy of the grid-connected three-phase
inverter based on the VSG is simulated in the MATLAB.
The voltage on the DC side of the three-phase grid-
connected inverter is 1000V, the resistance on the filter
inductor is 0.001€2, the inductance is 0.005H, and the filter
capacitance 1s0.000001F. In the VSG module, the damping
coefficient D is 1, the rotor inertia $J$ is 0.005, and the
reactive power control integral coefficient $K$ is 1. In the
ADRC module, 81 = 95 > = 3800 b = 1900 k = 200.
Then, set the reference value of active power equal to SO00W,
and set the reference value of reactive power equal to 3000W.
For the two cases of grid voltage three-phase unbalance
and reference power abrupt change, the VSG-based ADRC
strategy proposed which is compared with VSG control strat-
egy. By contrast, the effectiveness of the VSG-based ADRC
strategy in this paper is verified.
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A. ACTIVE POWER CONTROL UNDER

VOLTAGE IMBALANCE

The output active power of each control strategy under three-
phase voltage imbalance are showed in Figure 7. As shown
in Figure 6, phase A suddenly drops at 1s, is reduced to half
the original voltage. The three-phase voltage is unbalanced,

VUF= |§:2| = 20%.
1

400

200

urv
o

=200

-400
097 09898 099 1 101 102 1.03 1.04

ts

FIGURE 6. Three-phase voltage imbalance.

6000

ADRC+VSG VSG

5500
5000

4500

4000 :
175 18 185

FIGURE 7. Comparison of two control strategies for three-phase
unbalance.

The output active power comparison of the two con-
trol strategies under three-phase unbalance are showed in
Figure 7. At 1 s, the three-phase voltage of the grid is unbal-
anced. It can be clearly seen from the figure that under
the VSG-based ADRC strategy, the output active power has
a maximum amplitude of 5300W and a minimum ampli-
tude of 4600W. Under the VSG control strategy, the maxi-
mum output power is 5500W and the minimum amplitude
is 4400W. The VSG-based ADRC strategy has the low-
est power fluctuation amplitude. Compared with the VSG
control strategy, the power fluctuation amplitude is reduced
by 36.3%.

B. ACTIVE POWER CHANGE

Simulation result of the inverter output power when the
reference power changes are showed in Figure 8. From
0 to 1 second, the reference active power is S000W. At s,
the load of the power grid increases, the required active power
increases to 6000W, Increase the output power of photo-
voltaic array by 20%, and the reference active power jumps

VOLUME 7, 2019

6500 T T v v T T T 1
ADRC+VSG

6000 |-
5500
?, 5000
T
4500

4000 [

3500 . . . . . . . ]
0.9 1 1.1 1.2 1.3 14 15 1.6 1.7
s

FIGURE 8. Comparison of two control strategies under power abrupt
change.

3400

ADRCHVSG

3000

Q/ var

2800

2600

175 18 1.85
s

FIGURE 9. Comparison of two control strategies under voltage imbalance.

to 6000W. the load of the power grid is reduced, the required
active power is reduced to 4000 W, the output power of the
PV array is reduced by 20%. Compared to the original output
power. and the reference active power is abruptly changed
to 4000 W.

Comparison of the two control strategies in the case of a
sudden change in active power are showed in Figure 8. that the
VSG-based ADRC is in contrast to the VSG control, and the
active power under the VSG-based ADRC strategy reaches
the reference value faster, and the power does not fluctuate
significantly.

C. REACTIVE POWER CONTROL UNDER

VOLTAGE IMBALANCE

The output reactive power of each control strategy under
three-phase voltage imbalance are showed in Figure 9. Phase
A drops at 1s, it is reduced to half the original voltage. The
three-phase voltage unbalance VUF= | V2| = 20%.

Output reactive power comparison of the TWO con-
trol strategies under three-phase unbalance are showed in
Figure 9. At 1 s, the three-phase voltage of the grid is unbal-
anced. It can be clearly seen from the figure, under the
VSG-based ADRC strategy, the output reactive power has
a maximum amplitude of 3150var and a minimum ampli-
tude of 2800var. Under the VSG control strategy, the max-
imum output power is 3300var and the minimum amplitude
is 2650var. The VSG-based ADRC strategy outputs the low-
est power fluctuation amplitude. Compared with the VSG
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control strategy, the power fluctuation amplitude is reduced
by 46.2%.

D. REACTIVE POWER CHANGE

Simulation result of the inverter output power with reference
to the reactive power abrupt change are showed in Figure 10.
From O to 1 second, the reference reactive power is 3000var.
at I, the reference reactive power is increased to 4000var, and
the reference reactive power is reduced to 2500var at 1.5s.

4500
ADRC+VSG

4000

3500

Q/ var

3000

2500

2000 L . . . L .
09 1 11 12 13 14 15 16 17

s

FIGURE 10. Comparison of two control strategies under power abrupt
change.

0.95 1 1.05 11 1.15
s

FIGURE 11. Frequency variation under voltage imbalance.

Comparison of two control strategies in the case of a
big change in reactive power are showed in Figure 10. the
VSG-based ADRC is compared with the VSG control, and
the reactive power under the VSG-based ADRC reaches the
changed reference value faster. Figure 11 shows the fre-
quency variation of the control strategy in the case of sudden
voltage imbalance, showing the support characteristics of the
proposed control strategy for frequency.

E. OUTPUT POWER IN THE CASE OF DISTURBANCE

In order to verify the suppression effect of the control strat-
egy on the continuous random disturbance, a white noise is
added to the current output from the inverter as the distur-
bance source, the noise power is 0.1W, and the sampling
time is0.01s. Compare VSG-based ADRC strategy with VSG
control strategy, the simulation diagram of output active
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power and reactive power are obtained. The magnitude of the
power oscillation can be expressed by the root mean square

Z Xi—M)?
error(RMSE) of the output power, RMES = \| =—
Output active power waveform diagram of the VSG- based
ADRC strategy and the VSG control strategy are showed
in Figure 12. Compared with the VSG control strategy,
the output active power fluctuation under the VSG-based
ADRC strategy is smaller. Under the VSG control strategy,
the RMSE of the output active power is 386.0345, under the
VSG-based ADRC strategy, the RMSE of the output active
power is 220.0647, Compared to the VSG control strategy,
the RMSE is reduced by 43.0%.

ADRCHVSG

4000 . H' ; .
038 1 12 14 16 18 2

6000

. 5000

e

08 1 12 14 16 18 2
s

4000

FIGURE 12. Comparison of output active power of two control strategies
under big disturbance.

ADRC+VSG

3500 I T T lll
2500 L "l L L . m

FIGURE 13. Comparison of output reactive power of two control
strategies under big disturbance.

Output reactive power waveform diagram of the
VSG-based ADRC strategy and the VSG control strategy
are showed in Figure 13. Compared with the VSG control
strategy, the fluctuation of the output reactive power under
the VSG-based ADRC strategy is smaller. Under the VSG
control strategy, the RMSE of the output reactive power
is 243.1219, under the VSG-based ADRC strategy, the RMSE
of the output reactive power is 121.7092, compared to the
VSG control strategy, the RMSE is reduced by 49.9%.

Change the intensity of the disturbance, change the noise
power of white noise to 0.05W, and the sampling time
is 0.01s. The output active power waveform of the VSG-based
ADRC strategy and the VSG control strategy are showed
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in Figure 14, under the VSG control strategy, the RMSE of
the output active power is 226.9230, under the VSG-based
ADRC strategy, the RMSE of the output active power
is 143.0430, compared to the VSG control strategy, the
RMSE is reduced by 37.0%.

ADRC+VSG
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FIGURE 14. Comparison of output active power of two control strategies
under small disturbance.
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FIGURE 15. Comparison of output reactive power of two control
strategies under small disturbance.

The output reactive power waveform of the VSG-based
ADRC strategy and the VSG control strategy are showed
in Figure 15, under the VSG control strategy, the RMSE of
the output reactive power is 138.9878, under the VSG-based
ADRC strategy, the RMSE of the output reactive power
is 79.6473, compared to the VSG control strategy, the RMSE
is reduced by 42.7%. It can be seen from the figure that the
VSG-based ADRC strategy can suppress the disturbance well
under the disturbance of different intensities.

V. CONCLUSION

This paper proposes ADRC strategy for three-phase unbal-
anced grid-connected photovoltaic inverter based on VSG.
In this paper, the total disturbance is estimated and com-
pensated in advance using ADRC to obtain a new power
command value. By the VSG control module, the positive
and negative sequence current commands of the inverter
output are calculated, Finally, it achieved the control goal
of power fluctuations attenuation and improving system
dynamic response. The VSG-based ADRC strategy proposed
retains the control characteristics of the VSG. It can provide
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virtual inertia for the power grid which does not rely on the
model and parameters of the controlled system, the system is
stable and is not easily affected by external disturbances.

Compared with the traditional VSG control, the control
strategy proposed in this paper adds an ADRC link. Through
constant adjustment, the appropriate ADRC parameters are
selected to improve the ability to suppress disturbance and
response speed of the entire system. In contrast, the suppres-
sion of the disturbance is more pronounced than improve
of response speed, the primary function of the ADRC is to
suppress the disturbance. Under the premise of the system
output observable, the unknown disturbance is accurately and
quickly observed, then the disturbance is compensated, and
finally the disturbance of the inverter output power is greatly
reduced. The design of the ADRC focuses on the order of
the ADRC and the arrangement of the ADRC module, which
make the ADRC strategy can be combined with the VSG
control strategy, keep the characteristics of the VSG and
ensure suppressing disturbance.

The simulation and experimental results show that the
addition of the ADRC module makes the VSG-based ADRC
strategy has ability to suppress disturbance, which is com-
pared with the VSG control strategy, the disturbance is greatly
suppressed and the response speed is also improved.
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