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ABSTRACT In this paper, a nonlinear adaptive disturbance rejection control (NADRC) strategy is designed
to overcome the limitations of the traditional virtual synchronous generator (VSG) control method in photo-
voltaic (PV) grid-connected energy storage systems. This strategy utilizes exact feedback linearization and
linear optimal control theory to establish a nonlinear adaptive disturbance rejection control law based on the
virtual synchronous generator. It achieves zero static error control and noise adaptive stabilization of the AC
link in a multiple-input multiple-output system. Compared with the simulation results of the grid-connected
inverter voltage and current double closed-loop (VACDCL) strategy, the nonlinear adaptive disturbance
rejection control effectively mitigates the fluctuations in load current caused by the photovoltaic energy
storage module. It ensures power tracking under variable power conditions and outperforms traditional
PI dual-loop control in terms of dynamic and static regulation performance as well as grid-connected
current quality. Furthermore, this strategy’s anti-disturbance adaptive link can quickly respond to system
disturbances like frequency drift, voltage oscillations, and load current variations, thereby improving system
performance.

INDEX TERMS Adaptive, exact feedback linearization, grid-connected inverter, multi-input multi-output,
nonlinear adaptive disturbance rejection control, virtual synchronous generator, voltage and current dual
closed-loop strategy.

I. INTRODUCTION

With the wide application of photovoltaic (PV) power plants,
renewable energy is fully utilized while inevitably impacting
the grid stability due to its volatility and uncertainty [1].
In addition, the voltage rise and fall system between the
PV power unit and the grid will worsen the grid stability
and robustness, so the power shall be converted through the
grid-connected inverter again before feeding into the grid.
However, conventional inverters lack inertia and damping,
and can hardly achieve decentralized autonomous operation.
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The virtual synchronous generator (VSG), as a flexible grid-
connected inverter, has been increasingly used in engineering
practice because of its superior characteristics, such as volt-
age regulation, frequency regulation, and inertia damping of
synchronous generators [2], [3], [4], [5], [6], [7]. However,
the regulation accuracy of PI double loop in traditional VSG
control is insufficient, and when the system operating point
deviates from the initial equilibrium point by a large range,
the PI parameters of the controller may not meet the current
performance requirements and thus the system oscillates [8].
To ensure the stable operation of the grid, finding an efficient,
stable, and safe means of VSG control has become an impor-
tant research direction.
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In the control of grid-connected inverter, droop control
and voltage and current double closed-loop control are usu-
ally used. However, the adjustment ability of this strategy
to the dynamic and static performance of the new energy
grid-connected system is low, and the control accuracy is low.
For this situation, an improved voltage and current double
closed-loop (VACDCL) strategy based on sequence control
and second-order generalized integrator was designed [9].
By separating the positive and negative sequence components
of voltage, the unbalance of output voltage under unbal-
anced load condition is reduced. In addition, in the integrated
compensation VSG control strategy, the frequency deviation
caused by load disturbance is eliminated by the parallel
integration compensator on the damping coefficient D [10],
which improves the frequency modulation performance of
the VSG system and inhibits the power oscillation of the
VSG system. However, the experimental results of VSG
voltage regulation capability and power quality are lacking.
In addition, some scholars have designed an adaptive VSG
control strategy by using the root locus method and time
domain analysis method [11]. The strategy uses adaptive
virtual inertia and adaptive sag gain to improve the addi-
tional oscillation caused by low power consumption in the
battery energy storage system. At the same time, based on
the fourth-order generator model, an adaptive terminal sliding
mode control law has been proposed and can realize the static
error-free control of VSG analog excitation link, effectively
overcoming the influence of filter parameter uncertainty and
improving system stability [12]. A nonlinear control strategy
of inverter based on reactive voltage drop control is proposed
to reduce the reactive power sharing error and improve the
voltage stabilization performance of the system. Based on
the analysis of single-phase grid-connected inverters, some
scholars have used the state-space method, phase diagram,
and bifurcated diagram to prove that the dynamic perfor-
mance of the system is closely related to the parameters
of the nonlinear predictive controller [14]. In terms of the
nonlinearization of VSG power Angle characteristics and the
setting of active power control parameters in grid-connected
mode, [15] and [16] select the relative maximum power coef-
ficient in the optional domain through the configuration of
extreme value points to improve the stability of the system.
Similarly, a team designed an adaptive controller based on
the depth deterministic strategy gradient algorithm to adapt
the internal parameters of the system, so that the system
has stronger anti-interference performance and dynamic and
static adjustment performance [17]. However, it does not
consider the strong volatility of new energy under the premise
of grid connection. Therefore, to solve the problem of low
reliability of photovoltaic battery energy storage systems,
a VSG control strategy based on voltage frequency control
was proposed. The output power of VSG is adjusted by
changing the position of the primary frequency modulation
curve, and the voltage component is superimposed on the
voltage loop to balance the DC power and AC power of
the inverter. Aiming at the power oscillation and current
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imbalance in the VSG system, an output cascade control strat-
egy based on improved VSG is proposed [18]. By adding a
positive and negative sequence current regulator in the control
link, the output current balance is realized and the power
fluctuation is reduced effectively. However, the stability of
the system under power disturbance or voltage disturbance
is ignored. Some integrated control strategies [19], [20], [21]
that combine traditional VSG control algorithms and classical
algorithms are limited to highly linearized models, although
the problem of power Constance under unbalanced voltage
conditions is considered. When the system is disturbed by
high-frequency signals, the control performance of the con-
troller will be reduced, and the system will lose stability.
To solve this problem, a nonlinear control law [23] has been
designed by applying the precise linearization of state feed-
back to the nonlinear decoupling control of the converter [22]
or using the sliding mode control [24]. These control strate-
gies can realize the decoupling control of active power and
reactive power according to the characteristics of strong non-
linear and high coupling degree of photovoltaic inverters, and
improve the transient response speed and robustness of the
system, but only consider the isolated island operation of the
system, and lack the interference test simulation results of
the system. The state quantities in the mathematical model of
three-phase grid-connected VSG are all AC quantities, and
there is a strong coupling between variables, so VACDCL
is commonly used to decouple them [25], [26]. However,
when VACDCL is used as the underlying control strategy, the
controller actually indirectly modulates the feedback signal
and cannot adjust the given AC voltage and current signal
without static difference [28], [29]. Because the PI parameters
in VACDCL are mostly selected by empirical method [30],
the PI parameters optimized by intelligent algorithm also
have the problem of complicated calculation [34]. In addition,
the PI parameters obtained by theoretical calculation differ
greatly from the actual engineering parameters, which cannot
meet the current performance adjustment requirements of
rapid response [30], [31].

In order to solve the problems of poor dynamic and static
performance and poor robustness under disturbance con-
ditions of the traditional VACDCL control, in this paper,
a nonlinear adaptive disturbance rejection control (NADRC)
strategy is designed to construct the input-output connec-
tion by nonlinear modeling of grid-connected VSG and is
used to replace the traditional VACDCL. A Clark transform
is applied to the new system model to design the inverter
output voltage and its first-order derivatives as the output
function and the switching signals as the input function to
establish the connection between the input and output vari-
ables. The designed NADRC strategy is introduced into the
control of the VSG to regulate the dynamic and static perfor-
mance of the system. The anti-interference performance of
the system is improved by introducing an adaptive function.
Meanwhile, the output and feedback coefficient matrices of
the system are optimized according to the zero-pole cri-
terion to improve the overall performance of the system.
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Finally, the superiority of the strategy is verified by
simulation.

In this paper, the construction process of the PV energy
storage model and the nonlinear modeling at the VSG
grid-connected points are presented in Section II. Subse-
quently, Section III describes in detail the design idea of
the NADRC strategy proposed in this paper. In Section IV
this paper presents simulation simulations comparing the
proposed control strategy with the conventional VACDCL
under different disturbance conditions on the system. Finally,
Section V gives the final conclusion of this work.

Il. VSG-BASED SYSTEM NONLINEAR CONTROL MODEL
A. VSG PV ENERGY STORAGE PRE-STAGE MODEL

The PV energy storage grid-connected VSG control system
generally consists of two-stage modules. The front-stage
module contains a PV module and an energy storage module
to keep the bus voltage constant (Fig. 1). The rear module
is the VSG control module, which is used to invert and
maintain system stability. The PV module output voltage
control method is maximum power point tracking. Given the
topological complexity of the power system and the diver-
sity of photovoltaic storage access to the grid, a Maximum
Power Point Tracking (MPPT) strategy under uniform irra-
diance conditions is used to facilitate system construction.
The control means of this link is perturbation observation
with variable steps, and its specific control block diagram
is shown in Fig. 2, where U(k), I(k), and P(k) are the
voltage, current, and power at time k, respectively, U is the
operating point voltage, U, is the maximum power point
voltage, AU and AU, are the large and small voltage steps
respectively, and / is the reference step. In the beginning,
AU, is used to quickly approach Uy, while in the process,
the absolute value of the difference between U and U, is
calculated. When the absolute value is larger than [, AU
is used. Otherwise, AU, is adopted. At this time, the work-
ing point will slightly fluctuate near and eventually stabilize
at Uy,. This method ensures the speed and accuracy of the
maximum power point tracking and reduces the energy loss
of the system.

MPPT
Control

N Ny
Ok | S| vSGrear
" N 1 module

FIGURE 1. VSG structure diagram of PV energy storage grid connection.

Owing to its high volatility and low adjustability, the PV
energy output does not have the characteristics of prime
movers, so it must be equipped with an energy storage system
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on the DC side to achieve the PV -VSG technology. Hence,
we designed an energy storage system composed of a battery
and a boost converter to send the PV output voltage to the lat-
ter module after regulation. The battery as an energy storage
device can reduce the impact of power disturbance and load
disturbance of the micro source on the grid. The DC voltage
output from the PV module is connected via a boost circuit
to the bi-directional DC-DC converter of the battery storage
link, thus stabilizing the voltage on the DC bus at a given
voltage.

B. GRID-CONNECTED INVERTER MODULE
For convenience in the subsequent study, a single infinity
system is taken as an example. As shown in Fig. 3, Uy, is the
upper-level PV DC output voltage; Cg is the dc-side filter
capacitor; Egp. is the no-load electric potential of each phase
of the inverter; Ly and Cy are the filter inductor and filter
capacitor, respectively; R, and L, are the series simulated
grid impedance, and the inverter is modulated by Space vector
pulse width modulation (SVPWM) [32].

From Fig. 3, the nonlinear state space equations for the
PCC point are established according to Kirchhoff’s voltage
law (KVL) and Kirchhoff’s Current Law (KCL):

. 1 . .
Lf1 ila=(a— 3 Z Si)Ude — ueq — Rf(lla —2q)
3 k=a,b,c

: 1 . .
Ly i1p = (sp — 3 Z s)Ude — e — Ry(irp — i2p)
k=a,b,c
: 1 . :
Lf1 i1c=(S¢ — 5 Z Si)Ude — Uee — Rf(llc — i)
k=a,b,c
Cfl:tca =l1qa — a
Critep = i1p — inp
l Cfl;tcc =ilc— I2¢

ey

where Ly, and Cy are the filter inductor and filter capacitor
of VSG, respectively, Sk—=qpc is the switching signal array,
Uy is the DC side capacitance-voltage, i1,, i1,, and ij. are
the three-phase current of the inverter output, i, iz, and i,
are the current at the grid connection end of VSG, and u.,,
ucp and u.. are the voltage drop at the grid connection point
of VSG.

The conventional VACDCL control requires the state quan-
tities in (1) to be Park-transformed to the rotating dg0
coordinate system. However, the cross-coupling term con-
taining w is introduced in the voltage and current components
after the Park transformation, which complicates the subse-
quent study [27], so the Clark transformation with constant
transformation coefficients is chosen [33]:

Cfl:ica = ilg — D¢
Cfﬂcﬁ =11 — 2B
Lyitg = SoaUdc — tica — Ry (i1a — i2a)
Lyirg = sgUac — uep — Rp(inp — ing)

@
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FIGURE 2. Disturbance observation method control block diagram.
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FIGURE 3. VSG post-module circuit diagram.

(2) can be translated into a VSG model in a nonlinear state
space as follows:

Zox = Aox + Biou + Baow 3

where x = [ucq, Ucg, i1a> ilﬂ]T is the state vector, u =
[ug, ug]” is the control vector, w = [dy, dg]” is the pertur-
bation vector, Zy = diag|Cy, Cr, Ly, , Lfl]T is the impedance
matrix, A is the state matrix, Bjg is the perturbation matrix,
and By is the control matrix.

(2) and (3) are combined to organize the state space math-
ematical model of the system:

. 1 1 J
X| = —Xx3 — —
o g
. 1 1 p
Xo = —Xx4 — —
2 G 4 G bl \
.1 R Us @
X3 = ———2X] — 7-X3+ u
Lf Ly Ly
. 1 Rf Uge
METR LT
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C. VSG MODEL ANALYSIS

From the main circuit structure diagram of the system
shown in Fig. 1, the fast electromagnetic transient process
of the grid-connected inverter is used to simulate the elec-
tromechanical transient process of the synchronous generator
according to the basic VSG theory, as shown in the block
diagram in Fig. 4.

As shown in Fig. 4, P, and P, are the active power set
value P, and the active power feedback P at the PCC
respectively; D and J are the virtual damping and virtual
rotational inertia respectively.

Referring to the excitation link of the synchronous gener-
ator, VSG reactive power-voltage droop control is designed:

k:

% [Dg(U = Ures) + Q — Ores | = Eo Q)

where k;, is the integral coefficient, D, is the reactive
power-droop coefficient; U is the voltage feedback value
at the parallel network; U, is the voltage setting value at
the machine end; Q is the reactive power feedback at the
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FIGURE 4. Terminal voltage synthesis block diagram of VSG.

parallel network; O, is the reactive power setting value; Ey
is the no-load electric potential amplitude of VSG.

D. ANALYSIS OF VSG NADRC MODEL

The VSG NADRC model is shown in Fig. 5. The detected
three-phase voltage and current at the parallel network,
Ucabe and iqqpe are Clark-transformed to obtain the com-
ponents uqqp and icqp on the oB0 coordinate axis. The
instantaneous value of the inverter output three-phase volt-
age, Ep, can be obtained from (9) and (10). The reference
values obtained are compared with the actual detected
values and fed to the nonlinear controller to obtain the
inverter switching signals u., and u.g, which are modulated
by SVPWM.

IIl. DESIGN OF NADRC STRATEGY BASED ON VSG
A. DESIGN OF NADRC
The model output equation is constructed from (6):

[ y1 = c1(x1 — x10) + c2(xX1 — X10) ©)

y2 = ¢3(x2 — x20) + c4(i2 — X20)
where x1g and xy¢ are the reference values of the VSG parallel
network voltage in the @80 coordinate system; x19 and x»q
are the first-order derivative functions of the reference values.
The interference term d; and d; are as zero, and (4) and (6)

are combined to obtain the affine nonlinear model of the
system:

X =)+ Mix)uy + My(x)us

yi=1LKx)
y2 = h(x)

)

where f(x) = Z, le is a 4 x 1 dimensional input matrix;
M (x) and M, (x) are both 4 x 1 dimensional control matrices;
uy; and uy are scalar control functions; /;(x) and I(x) are
scalar output functions, where:
T
d

Udc ]T
Ly

Udc
Ly,

Mi(x) = |:O 0

Mz(x)=|:0 0 0 8)
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The Lie brackets of M(x) and M>(x) vector fields for f (x)
defined by (8) are:

oM d
If, Mi] = al(x)f(x) A YA
X 3x (9)
IM>(x) af (x)
If, M>] = 3 fx)— M>(x)
X dx

According to Frobenius’ theorem, there is a smooth vector
field such as:

MA(x) = [Mi(x), Mi(x), [f, M1], [f, M2]]

U _
0 0 . dc
Ly Gy U
dc
0 0 -
_ Lf 1 Cf
ol 2 R (10)
Ly, Ly, Cy
0 Udc Ry
L Ly, Ly G |

Since the rank of M (x) is 4=n, the distribution space Ax
is involutory in the neighborhood U of x; that is, the system
can achieve state feedback linearization.

Next, the relative order of the system is determined. From
Kirchhoft’s law, the VSG and the relationship at the network
are obtained:

‘X[:a)'ci+bu,-+gx,-+w

.. . (i=12)
Xjo = axio + bu; + gxjo + W

(11
where a, b and g are constant coefficients.

We have W = Aax+ Abu+ Agx+n, A is the system error
caused by parameter perturbation, 7 is the load current distur-
bance, and W is the sum of the two uncertain disturbances;
|W| <u, where p is a positive real number.

From (11), it is obtained that:

Xi — Xio — g(xi — Xi0)
a

AX; = X; — Xjo =

(12)

where i = 1,2.

From (12), the difference of the first-order derivative in the
output function is bounded and |Ax;| < p, where p is a very
small real number.

From (10), the 2 x 2 matrix is obtained as follows:

~ L Ll (x) L L1 (x)
M(x) = . . (13)
L Ly b(x) Ly, Lp I (x)

The M(x) in (13) is nonsingular, and its relative order
is r=4=n. Therefore, the nonlinear model can achieve the
following local diffeomorphism transformation. According
to (13), the transformed Jacobian matrix is full rank, so the
nonlinear system can achieve complete exact linearization.

T . . T
z=[a 2 z ul =[n n »n »n]
c1(x1 — x10) + c2(x1 — *10)
c1(x1 — X10)
= . . 14
c3(x2 — x20) + ca(r — X20) (14
c3(%2 — X20)
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FIGURE 5. Block diagram of NADRC.

Combining (7) and (14) yields:

[ 21 = c1(%1 — %10)
2 clUdCu l x c1fy X3 —CiXjo=v
= | = 1 — 3 — c1X10 = Vi
Ly Gy Ly Gy Ly Gy
23 = ¢3(k2 — X20)
24 = c3Uae uy — = Xy — eshy X4 — C3X20 = V2
Ly Gy Ly Gy Ly, Gy

(15)

where vy, vy is the linear spatial feedback control law. Here
the optimal control theory design can be used, and for the
regulator, the quadratic performance index is selected as
follows:
1 oo
J:E/(J@+me (16)
0
Solving the algebraic equations of the Rickati matrix yields
the positive definite matrix P:
ATP+PA—PBR'BTP+ Q=0 (17)
The control law of the z spatial linear system can be
obtained according to (17):

v=-—R'BTP; =17 (18)

where L = diaglli,b] is a positive real number
2x2
matrix. Substituting (18) into (15) yields the con-

trol law on the nonlinear space of the system as
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abc [ af0]

i, 1
P Q
e 1

u u

cas

p

i
cas cff r Prej
I || P Sag control | [ €55 —
e |
+ tarefsprs : QO -V Sag control ! @,
| |
follows:
Lq Cr c c1Ry
uy =21 ( L i+ L s eriio
U \Lp Gy~ LyCy
— liciAx1—=lica Axy
Ls C, c c1R
wy = 2 f( 30+ x4 e3iag
e3Use \LpCy = Ly Gy a9)

— bheyAxy — legAxp

Ax; = x1 — X190
Axy = xp — x20
Ax| = X1 — X10

AXy = Xp — X0

For the presence of external disturbance d, an adaptive
disturbance rejection control law is set to overcome the uncer-
tainty and the applied disturbance:

(20)

Uyl = —t1sat(vy) — t2211 sat(vy)
Uy = —135at(v2) — tadpsat(v2)

where 1, f, t3 and t4 are the switching gain constants,
and sat(v) is the saturation function of v. Combining (19)
and (20) yields an NADRC law as follows:

2

Uy = UL + Uyl
ug = up + Uyy2

B. PARAMETER SETTING OF NADRC
By expanding the Taylor series at the equilibrium
point xp and taking a linear transformation, the nonlinear
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system (4) can be transformed into a controllable standard
form:

[ X, =Apx +Bru 22)
y=Crx
where,
0 0 0 1
I R
R
0 0
B, = (1) 8 ;
[ 0 1
a=[5 & & o

According to the design idea of nonlinear control law and
mathematical induction, the system feedback control law can
be obtained as follows:

u= (CLALBL) ' (—CLALx + V)

_ CrAfx +lkx @3
CrALBy.
ll 0 T
where, [ = |:0 I ,k:[CZ1 CLTz]

The closed-loop control system can be obtained by com-
bining (22) with (23):

XL AéL:‘fozk xp = Vixp (24)
According to (24), it can be deduced:
0 O 0 1
0 _ha A
v=lo o o 2 @5)
0 0 -2 .8
c4 c4

Then the characteristic equation of the system can be
obtained from (25) as follows:

Cl 3
(s+—) (s—i—a) +l)Gs+hk)=0  (26)

2

According to (26) and the closed-loop characteristic root-
zero pole assignment method, appropriate control parameters
c and [ can be selected to optimize the control effect of the
system.

IV. SIMULATION VERIFICATON

In this section, we compared the conventional VACDCL with
NADRC to verify the feasibility of the NADRC scheme.
The simulations were performed in Matlab and Simulink.
The solver is set to ode23t, the step is set to variable-step,
and the switching frequency is set to 2500. The two con-
trol strategies are simulated in the same condition. All state
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variables of VSG are obtained from (4), input and output
functions of NADRC are obtained from (6) and (7), and the
system control law is given from (21). VACDCL refers to the
traditional double-closed loop VSG model [27]. The control
parameters of NADRC are given by (26) combined with the
pole assignment method. The parameters of the simulation
are shown in TABLE 1.

TABLE 1. System parameters.

UiuV) 800 Fo(Hz) 50 ) 120000
L(mH) 0.8 U 380 100
CuF) 100 D, 20 cs 120000
R(Q 0.3 D, 500 o 8x10°*
R(Q) 1.2 K, 0.5 b 4x107
Lo(mH) 1.2 I 8000 1 8x10°*
D 500 b 8000 1 4x107
J 0.5 e 10 y 500
UalV) 800 fillz) 50

A. COMPARISON OF CURRENT MODULATION
PERFORMANCE

Dynamic simulation of the VACDCL and the NADRC was
carried out according to the simulation parameters. The sim-
ulation waveforms of grid-connected current in the same
time segment were intercepted, and the modulation abilities
of the two control strategies on the output current of the
inverter were compared. TABLE 2 shows the frequencies
and rates of the harmonic distortion of the grid-connected
current of VACDCL and NADRC under different distur-
bance conditions. Clearly, the THDs of the two control
strategies meet the requirements of harmonic content of grid-
connected current, but the THDi1% under the NADRC control
decreases significantly (TABLE 2), indicating the power
quality and dynamic performance of the system are both
improved.

B. COMPARISON OF POWER TRACKING PERFORMANCE

Condition 1: Change of active power at the power grid
end. The simulation results are shown in Fig. 6. Fig. 6(a)
and Fig. 6(b) show the system active power and frequency
change wave form under VACDCL and NADRC respec-
tively when the given active power at the grid end increases
by 20 KW at 1 s and decreases by 40 KW at 2 s. Within about
40 ms of the initial operation, the active power of the system
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TABLE 2. Comparison of harmonic distortion rate of grid-connected current.

THDi% for each perturbation

Strategies

Single-phase short-circuit

Active conversion Frequency perturbation Voltage disturbance .

grounding
VACDCL 5.59 1.84 422 3.23
NADRC 4.97 1.68 4.06 2.89

under the VACDCL control oscillates violently, and the peak-
ing value of the oscillation is 30.1 KW (Fig. 6(a)). This is
because the load current generated by the PV energy storage
module fluctuates greatly, while VACDCL does not consider
the dynamic characteristics of the sub-module energy stor-
age components. Active power and reactive power are still
partially coupled under VACDCL, but NADRC can effec-
tively solve this problem and form a smooth active power
tracking curve. At t = 1 s, the set active power is increased
by 20 KW, the peak time of the active power step response
waveform under VACDCL control is 0.109 s, the overshot
is 7.4%, and the setting time is 0.61 s. Under the NADRC
control, the peak time of the active power step response
waveformis 0.112 s, the overshot is 5.9%, and the setting time
is 0.45 s. Att = 2 s, the set active power drops by 40 KW,
the peak time of the active power step response waveform
under the VACDCL control is 0.106 s, the overshot is 22.8%,
and the setting time is 0.63 s. Under the NADRC control,
the peak time of the active power step response waveform
is 0.105 s, the overshoot is 19.1%, and the setting time
is 0.46 s. Clearly, the transient of active power step response
overjump and regulation time under the NADRC control are
better than those of the VACDCL control. It is indicated the
NADRC strategy not only achieves the complete decoupling
of active power and reactive power but also endows the sys-
tem with better dynamic and static performances. Due to the
P-f droop control of VSG, when power disturbance occurs,
the grid frequency changes accordingly, and the fast response
of the set controller makes the grid frequency stabilize at
the fundamental frequency in a very short time (Fig. 6(b)).
Att = 1 s, the system frequency oscillates due to power
rise. The peak value of the frequency waveform oscillation
under the VACDCL control is 0.31 Hz, and the setting time
is 0.76 s. The frequency waveform under the NADRC control
is 0.25 Hz, and the setting time is 0.52 s. At ¢t = 2 s, the
system frequency oscillates due to a power drop. The peak
value of frequency waveform oscillation under the VACDCL
control is 0.60 Hz, and the setting time is 0.75 s. The peaking
value of the frequency waveform under the NADRC control
is 0.52 Hz, and the setting time is 0.51 s. The simulation
results show that the NADRC control can achieve better
frequency immunity performance than the VACDCL control
when power disturbance occurs.

C. COMPARISION OF DISTURBANCE RESISTANCE
Condition 2: Power grid frequency drift. The simulation
results are shown in Fig. 7. Fig. 7(a) and Fig. 7(b) show the
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FIGURE 6. Change the simulation result of the given active power.

system active power and frequency change waveform under
the control of VACDCL and NADRC respectively when the
frequency at the grid end drops by 0.25 Hz at 1 s and returns
to the fundamental frequency at 2 s. At ¢t = 1 s, the fre-
quency continuously dropped by 0.25 Hz (Fig. 7(a)). Due
to the P-f droop control of VSG, the system’s active power
was raised beyond the given active power and was finally
maintained around 11 KW. At t=1 s, the peak time of the
active power step response waveform under the VACDCL
control is 0.071 s, the overshot is 9.4%, and the setting time
is 0.75 s. Under the NADRC control, the peak time of the
step response waveform is 0.068 s, the overshoot is 7.6%, and
the setting time is 0.47 s. At ¢t = 2 s, the frequency returns
to 50 Hz, the peak time of the active power step response
waveform 0.066 s, the overshot is 10.2%, and the setting time
is 1.6 s. Under the NADRC control, the peak time of the
active power step response waveform is 0.052 s, the overshot
is 9.85%, and the setting time is 0.36 s. Thus, NADRC has
better transient control performance in terms of recovery rate
and fluctuation amplitude of active power under frequency
disturbance. At t=1 s, the peak value of frequency waveform
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oscillation under the VACDCL control is 0.168 Hz, and the
setting time is 0.80 s (Fig. 7(b)). The peaking value of the
frequency waveform under the NADRC control is 0.120 Hz,
and the setting time is 0.59 s. Because the control parameters
of VACDCL are not easy to set and the PQ is not completely
decoupled, the performance indexes such as overshoot are
difficult to optimize. Simulation results show the NADRC
control strategy endows VSG with better frequency immunity
performance.
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FIGURE 7. Simulation results of power grid frequency decline.

Condition 3: Voltage disturbance. The simulation results
are shown in Fig. 8. Fig. 8(a) and Fig. 8(b) show the system
reactive power and DC bus voltage change waveform under
the control of VACDCL and NADRC respectively when the
grid terminal voltage drops at 1 s and rises at 2 s. Within 0.05 s
of the initial operation under the VACDCL, the reactive power
of the system oscillates greatly, and the amplitude of the
oscillation is up to 5.7 kVar (Fig. 8(a)), which is caused by
the incomplete decoupling of the active power and reactive
power. In comparison, the amplitude of the reactive power
oscillation under the NADRC control is small. Therefore,
a relatively smooth reactive power tracing curve is obtained.
Att = 1 s, the voltage at the grid end drops by 0.5 V.
Moreover, because all the output power of the inverter is
delivered to the grid, the voltage at the PCC is raised to exceed
the rated voltage. In addition, due to the Q-v sag control
and reactive power compensation, the reactive power output
of VSG will be lower than the given value. At ¢t = 1 s,
the peak value of reactive power fluctuation is 5.72 kVar
under VACDCL and 3.86 kVar under NADRC. Att = 25,
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FIGURE 9. Simulation results of single-phase short-circuit grounding.

the peak value of reactive power fluctuation is 6.14 kVar
under VACDCL and 4.39 kVar under NADRC. The reason
for the greater fluctuation amplitude under VACDCL is that
the voltage drop of the power grid will cause a drop in the
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DC component of the energy storage component voltage and
a fluctuation of other components. NADRC considers the
decoupling of reactive power to voltage interference and thus
has better transient control performance under voltage distur-
bance. As shown in Fig. 8(b), there is little difference between
the voltage fluctuation changes of the two control strategies
at 1 or 2 s, because the voltage regulation is completed
by the pre-stage module and is little related to the control
performance of the post-stage module. The simulation results
show that the NADRC strategy endows the system with better
voltage immunity performance.

Condition 4: Single-phase short-circuit grounding at the
load end. The simulation results are shown in Fig. 9. Under
the premise of constant power, the single-phase short-circuit
grounding fault causes the system to generate a large pulse
current at 1 s. Because the voltage fluctuation at the load side
is not large, the active power and reactive power fluctuate
greatly in a short time but will be re-adjusted to the steady
state under the regulation of VSG. Single-phase short-circuit
grounding occurs in the system at ¢+ = 1 s, and the peak
fluctuation values of the active power and reactive power
under VACDCL in a very short time are 51 kW and 39.8 kVar
respectively (Fig. 9(a) and Fig. 9(b)). However, the peak
values of active power and reactive power fluctuation of the
system under NADRC in a very short time are 46 kW and
32.9 kVar respectively. This is because the NADRC strategy
takes the load current as the disturbance term and adaptively
adjusts this term. Therefore, when a system short-circuit fault
occurs, the response speed of NADRC is faster than that of
VACDCL. The system recovery overshoot is smaller, and the
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system converges to the steady state faster, thus reducing the
impact of faults on the grid.

The comparison of specific performance indicators under
four working conditions is shown in Fig. 10.

V. CONCLUSION

In order to solve the problem of poor tracking performance
and anti-interference performance of traditional VSG control
method under grid-connected photovoltaic energy storage,
an effective NADRC law is designed to replace the traditional
VACDCL strategy. The significance and novelty of this paper
are as follows: First, this paper designs a pre-stage module of
photovoltaic energy storage to replace the DC source part of
the traditional VSG model, so that the operating environment
of the system is more in line with the practical requirements
of engineering. Secondly, the mathematical model of VSG
at the PCC point is constructed, and a nonlinear adaptive
disturbance rejection control strategy is designed to replace
the traditional double closed-loop control strategy through
multi-objective feedback theory and optimal control theory,
combined with adaptive anti-interference variable function.
Finally, the control matrix of the system is optimized by
the pole assignment method to enhance the overall control
performance of the system. The simulation results show that
the NADRC strategy has good control performance. The
NADRC strategy is compared with the VACDCL strategy
under different interference conditions, and the effectiveness
and superiority of the NADRC strategy in interference track-
ing and interference suppression are verified. NADRC also
overcomes the problem that PI parameters cannot adapt to
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the new system condition after perturbation and makes the
convergence speed of the system adapt and improves the
robustness. Finally, because of the consistency of the voltage
and current regulation of the nonlinear link, the control quan-
tity can be continuously output, the oscillation of the system
is reduced, and the quality of the grid-connected current is
improved.

The NADRC proposed in this paper can provide a new
research idea for replacing the traditional VSG double
closed-loop control strategy in the future. Although this
strategy significantly improves the dynamic and static per-
formance and disturbance immunity of VSG, due to the
high degree of nonlinearization of NADRC, the parame-
ter accuracy of its control matrix is required to be higher.
In different system application scenarios, control parameters
need to be adjusted according to different system models,
so the complexity of real-time control is higher than that
of VACDCL. Therefore, introducing intelligent algorithms,
such as deep learning algorithms, into the tuning process of
the NADRC control parameter matrix will be a new research
idea for our future research. At the same time, since NADRC
is a control strategy based on the nonlinear modeling of the
system itself, the overall stability and robustness of the system
can be guaranteed under the premise of appropriate control
parameters and complete model data. Therefore, the model
construction and parameter selection of complex power sys-
tems in multi-inverter and multi-machine scenarios will be
deeply explored in future work.
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