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ABSTRACT. When grid-connected inverters are connected to the grid, the lack of physical
inertia along with low output impedance leads to large current shocks that make the sys-
tem unstable. Therefore, a nonlinear control method is proposed in this paper to enable
the grid-connected inverter to switch freely between grid-connected and islanding modes.
The nonlinear controller is designed based on sliding mode backstepping control (SMBC).
In order to improve the control accuracy, the fractional order sliding mode is constructed
in the sliding mode design process. Also, considering the parameter uncertainties in the
model, the unknown parameters are estimated in real time by applying an adaptive method
based on the projection operator in the control system. Then the stability of the control
system is proved by Lyapunov stability criterion. The simulation results show that the
method has good compensation performance and strong robustness compared with other
control methods.

Keywords: Fractional-order control, Sliding mode control, Microgrid, Virtual synchro-
nous generator

1. Introduction. In recent years, with the rapid development of renewable new ener-
gy generation systems such as solar energy and wind energy, the application scale of
distributed energy has gradually increased, and connected to the grid through grid con-
nected inverter. However, it has some unstable disadvantages such as intermittent and
large fluctuation. Compared with traditional synchronous generators, power electronic
equipment is usually lack of inertia and damping, the large number of access to the grid
will further reduce the rotation of the grid backup, thus threatening the safe and stable
operation of the grid [1].

Therefore, VSG control is widely concerned for its frequency modulation and voltage
regulation characteristics, moment of inertia and voltage source characteristics [2]. By
introducing the mechanical and electromagnetic equations of synchronous generator and
simulating the external characteristics of synchronous generator, the virtual inertia and
primary frequency can be adjusted to increase the virtual inertia of inverter and improve
the output response quality of the system.

In fact, real synchronous generators need power system stabilizer (PSS) to suppress the
oscillation of rotor excitation and restore the system balance in the shortest time. The
supplementary control of voltage has adopted an additional signal added to the reference
voltage excited by rotor from PSS to suppress the disturbance of oscillation [3]. Based on
this idea, a new control strategy is proposed in [4-6], which is similar to the rotor motion
equation and adds a power angle feedback term. The design of control strategy adopts a
typical nonlinear robust control, namely backstepping control, to imitate the behavior of
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Terminal sliding mode control is a control method which can overcome system uncer-
tainty, especially for nonlinear systems, external disturbance and parameter perturbation
have strong robustness [7]. In [8], a backstepping controller combining command-filter and
integral sliding mode is designed to research the MG dynamics. Using the memory and
genetic characteristics of the fractional calculus operator, the introduction of the fraction-
al order into the traditional sliding mode controller increases the flexibility of controller
design and improves the control quality [9,10]. In [11], in order to stabilize the output
of the track jack, a fractional-order terminal sliding mode backstepping control strategy
was proposed. By changing the fractional order, the system response is optimized and
the output overshoot is reduced.

Based on the nonlinear VSG system error model, this paper proposes a fractional-
order terminal sliding mode controller based on the backstepping method. The projection
operator is used to constrain the parameter error in the system. The contributions of the
paper are mainly as follows.

1) Terminal sliding mode is used to track error status and overcome system uncertainty.

2) A novel fractional-order sliding mode controller is designed to weaken the chattering
caused by traditional sliding mode control.

3) The projection operator adaptive law can estimate the system with virtual inertia
and damping parameters without introducing additional parameters.

4) The controller adopts the state equation design, and uses the Lyapunov function to
verify whether the system is asymptotically stable.

This paper is organized as follows. In Section 2, the mathematical model of VSG is
introduced. In Section 3, the design process of the proposed control strategy is described.
At the same time, the stability of the controller is analyzed. In Section 4, the feasibility
of the controller is proved by simulation. In Section 5, conclusions are presented.

2. Mathematical Model of VSG. The main model of VSG inverter in MG is shown
in Figure 1. In the figure, the resistance R, and inductance L, represent the stator

impedance. R, and L, represent the line impedance. ugq, ug and ug. respectively rep-
resent the three-phase voltage of the power grid [12]. Among them, i = [iq 1p iC]T =
[i COS( 1COS (cp — %”) 1Cos (cp — %”)}T simulates the three-phase current generated by
the stator. ¢ is current angle. v = [v, vy, vC]T is three-phase terminal voltage. € = wa/i\I/IQ
is electromagnetic electromotive force, € = [e, ey, ec]T. Yy is the rotor flux. 6 is voltage

angle. w is frequency. sinf = [sin@ sin( — 2?”) sin( — %’T)}T.
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F1GURE 1. Power part of a VSG

The VSG model is shown in Figure 2. The basic concept of VSG is to introduce the
rotor motion equation of SG through the control algorithm, so as to directly control the
amplitude and frequency of the output voltage vector in the control, so that the inverter
can simulate the external output characteristics of SG.
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FI1GURE 2. Rotor mathematical model of VSG

The equation of rotor motion of SG that is implemented in Figure 2 is given by

dAw
JWITm_Te_Dp(W_wTef) (1)
where J stands for virtual inertia. 7, and 7. represent mechanical torque and virtual
electromagnetic torque, respectively. D, is damping coefficient, which models the effect
of friction force.

The output active power can be expressed as
~ ~ 3 .
P, = <i, e> =Yw <z’,sm9> = §wfwz cos 0 (2)

where 0 = 6 — ¢ stands for power angle.
Therefore, the virtual electromagnetic torque can be obtained:

T, = % = ;wfi cos & (3)
Similarly, the reactive power is
Q. = gwfwi sin § (4)
The design of reactive power /voltage droop control loop can be expressed as
Vieg = Vi = 1 (Qrey — Q) (5)

where Vs and V,, represent voltage reference and the rated voltage, respectively. n stands
for droop coefficient. @), is reference value of reactive power.
The transfer function of the low-pass filter is

G (5) = (6)

Figure 3 shows the virtual flux control loop. A low-pass filter is used to simulate the SG
rotor flux linkage dynamics to obtain the virtual rotor flux linkage, thereby simulating the
attenuation of the synchronous motor rotor flux linkage. The attenuation of the magnetic
flux of the synchronous generator is due to the application of a DC voltage on the rotor
excitation, and the inductance of the rotor winding produces a delay on the stator side.
In addition, due to the resistance of the rotor winding, k, is the DC gain of the filter.
The reference voltage is generated by the reactive power/voltage droop function, which is
equivalent to the rotor field voltage. Therefore, in order to control the virtual rotor flux,
the control signal from the controller is added to the reference voltage.

The auxiliary nonlinear controller design needs to be based on the state space model
of the system [13]. Since the purpose of the auxiliary nonlinear controller is to introduce
the damping torque AT, the speed deviation Aw is used as a logic signal to control the
VSG. The frequency deviation Aw is generated by the angle controller. Therefore, the
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power angle d, frequency w and electrical torque T, are used as state variables. Therefore,
their dynamics can be written as

Ad = Aw (7)
D 1
Aw=——PAw — ZAT, 8
w 7AW == (8)
The calculation formula of torque dynamic change is
. 3. 3. 3
T, = §wfz' cosd + §¢fi cos — iwfiAw sin 0 9)
The flux derivative can be calculated as
. k, c
= —u— — 10
bp=um Uy (10)
The torque can be written as
. 3k, . c 3 . 3 . .
T, = QT—auzcosé— T—aT€+§waCOS(5— §wszonm(5 (11)
Therefore, the perturbation form of 16 is obtained as
. 3ka . 3 - 3 . :
AT, = - —wuicos Aj — £ATe + —ricos Ad — =1 riAwsin Ad (12)
27, T, 2 2
Finally, the state space model of VSG system is expressed as
Ad = Aw
Aw = aAw + AT, (13)

AT, = f1 (A8, Aw, AT,) u+ fo (A5, Aw, AT, i, 1)

where o = —%‘7, g = —%, f1 (A6, Aw, AT,) = %’;—Zz cos Ad, fo (A6, Aw, AT, i,v¢) =
—=AT, + %ﬂ)ﬂ' cos A) — %wfiAw sin AJ, u is the system control input.

3. Controller Design. The controller is designed for VSG based on fractional order
sliding mode backstepping controller. The controller allows the states of the system to
follow their desired values, ensures the stability of the system in the presence of uncer-
tainties and disturbances, and suppresses the occurrence of oscillations. The presence of
fractional order sliding modes, on the other hand, contributes to improving the control
accuracy of the controller.

Since the fractional order derivative of a function may provide richer information than
the integer order derivative, the fractional order calculus has been strongly developed on
the basis of the integer order calculus, and different definitions of fractional order calculus
have been proposed in the process, among which the definition of Riemann-Liouville
fractional order calculus is more widely used in the field of fractional order calculus.
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oDy’ is used to define the calculus operator, where p € . Riemann-Liouville definition
of the p-fold fractional order differentiation is defined as follows:

t
1 g9(7)
Diglt) = ——— | —X~2_—d 14
to tg( ) F(n_u) dtn/(t—7)1+un T ( )
to
wheren — 1< pu<n, I = [ e t*~1dt denotes the Gamma function.
I 1Y 0

The tracking error of the system is defined as follows:

e1 = A6 — Adyes
ey = Aw — Aw" (15)
es = AT, — AT,

where Ad,.r, Aw”, AT are the reference values of the corresponding variables, respec-
tively.
First of all, the Lyapunov function is chosen as

Vi= %elz (16)

The virtual control law of the controller Aw” is optimally chosen as
Aw" = —kie1 4 Adye (17)
where k1 > 0 is a positive constant. This virtual control law allows V1 = —kie;?2 <0 to

hold, thus ensuring the stability of the power angle §.

And then, the fractional-order sliding mode design is performed for the angular velocity
virtual controller and the torque virtual controller. The fractional order sliding mode
surfaces are chosen as

S1 = €9 + 71 (tDDfleg)pl/ql
Sp = €3 + 72(toD52€3)p2/q2

The sliding mode reaching rate is used in the design process of the sliding mode con-

troller, designed as follows:

(18)

—cysgn (s1) = $ (19)
—Cosgn (S2) = $
where ¢y, co > 0 is a constant. It represents the rate at which the point of motion of the
system converges to the switching surface s = 0.
The Lyapunov function is chosen as

1
Va=35 (el +s1) (20)
Therefore, the virtual control law of the controller AT is optimally chosen as
LT ) E
AT! = 3 —c1sgn (s1) — aAw + Aw" — 7 (%) to D ea (1, DY 162)p1/Q1 ' (21)
L 1 J
Consider that there may be errors in the parameters:
. 1T - 1]
AT = E —c18gn (81) — GAw + Aw” — 7 (%) Dl es (tODfl 162)p1/q1 ! (22)
L 1 J
where @, B are the parameter estimates.
This virtual control law allows Vo = —kje;2 — ¢; [s1] < 0, thus ensuring the stability of

the angular velocity w.
At last, the Lyapunov function is chosen as

1 ~2 32
%ZE(e%+s§+s§+i—l+f—2> (23)
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where & =4 —a, 3 = B — B, A1, Ay are the gains of adaptive law, so the controller wu is
optimally chosen as

1 . -r
u = fl (A(S) Aw’ AT@) |: - CQSgn (52) - fQ (A(S, Aw’ AT@7 ’l, ¢f) —I— ATE
— 2 (%) 1Dy % es (tonQ_lez’))m/qQ_l] (24)
2

The projection operator adaptive law can be designed as
& = A\ Proj (&, s1Aw)

B = AoProj <B, SQATe>
The projection operator is defined as
0 06=0maxandn >0
Proj(6,n) =< 0 6 = Gym and n <0 (26)
n otherwise
and Proj (,n) has the conclusion as
Propertyl 6 € Qy 2 {6 : Gmin < 6 < Fmax}
Property2 & [Proj (6,1n) —n] < 0,Vn
This control law allows V3 = —kje;? — ¢ |s1] — ca|s2] < 0. According to Lyapunov

stability condition, when V3 < 0, the whole system will reach an asymptotically stable
state by using the designed controller.
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FIGURE 4. The structure of the proposed controller

4. Main Results. The effectiveness of the proposed control method is verified by simu-
lation in MATLAB/Simulink.

The VSG system first operates in islanding mode, where the VSG system supplies active
power to 13 kW local load. Then, the system is connected to the grid at ¢ = 0.3 s, which
enables the system to connect to the grid. Finally, the system is off-grid at ¢ = 0.7 s to
complete the transition from grid connection to islanding mode.

In the simulation, when the virtual inertia is selected as J = 0.4 kg-m? and the damping
coefficient is D = 22.5, the rated active power is set to P,, = 10 kW.

Figure 5 shows a comparison of the active power variation, and it can be seen that
in the islanding mode, the active power can reach the required active power quickly and
smoothly. And in the active output power switching process, it is seen that the power
switching under the proposed controller is smoother and the oscillation range is smaller.

Figure 6 shows the frequency variation, and it can be seen that the frequency is stable
and smoother under the proposed controller, both under islanding and in grid-connected
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F1GURE 7. The situation of three-phase voltage of the system

operation. During switching, the frequency variation is also smoother and with less oscil-
lation.

Figure 7 shows the three-phase voltage of the system. It can be seen that under the
control of the proposed controller, the voltage waveform can be basically maintained when
the system is connected to the grid and disconnected into islanding operation.
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Figure 8 shows the three-phase current of the system. It can be seen that the amplitude
of the phase currents decreases at ¢ = 0.3 s, and the current waveforms only show slight
fluctuations at the time of grid connection, after which the current waveforms are stable.
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F1cURE 8. The situation of three-phase current of the system

The simulation effectively verifies that the designed controller can realize smooth switch-
ing during the transition process.

5. Conclusions. In this paper, a nonlinear control strategy based on the projection
operator adaptive method with fractional-order sliding-mode backstepping control is pro-
posed as a supplementary control strategy for VSG. Compared with the conventional
VSG, the proposed strategy can effectively improve power damping and grid frequency
tracking to cope with the intermittent and nonlinear characteristics of DG and ensure
the large-signal stability of the whole system. Simulation results show that in terms of
system performance, power oscillations are reduced, frequency transitions are smoother,
dynamic performance and control accuracy are improved under the designed controller
compared with other nonlinear and robust control methods, and the proposed controller
provides a stable and flexible operation for the MG.

In the future research, we will deeply study the cooperative control of multiple VSGs
based on this control strategy.
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