Academic Journal of Science and Technology
ISSN: 2771-3032 | Vol. 11, No. 1, 2024
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Abstract: Virtual Synchronous Generator uses dead-beat predictive control in the voltage and current loop to improve the
dynamic response speed of the system, but the presence of zero-order hold and computation time can lead to system instability.
To address this issue, this paper adopts an improved dead-beat predictive control strategy for VSG. This is achieved by linear
interpolation to forward predict voltage-current reference values to reduce the impact of delay, while introducing error
compensation coefficients to enhance the stability of the voltage-current inner loop of VSG. The selection of error compensation
coefficients is based on closed-loop impulse response functions. A harmonic linearization method is used to construct a complete
sequence impedance model of VSG, and it's stability is analyzed. The results indicate that VSG's negative sequence impedance
exhibits instability in the low-frequency range. To address this, a method of introducing a virtual resistor into VSG is proposed
to improve stability. By constructing a sequence impedance model of VSG that includes virtual resistance, the variations in
system stability under different virtual resistances and grid impedances are analyzed. The effectiveness of the proposed method
is verified by building a VSG model.

Keywords: Virtual synchronous generator, dead-beat predictive control, virtual resistance; sequence impedance model,
stability analysis.

Compared to traditional voltage and current dual-loop control,

1. Introduction this approach not only increases the system's bandwidth but

With the widespread application of clean energy such as also improves it's accuracy. In refer.enlce [11], both the Vpltage
solar and wind power, a large number of distributed power and current loops employed predictive control, resulting in
sources are integrated into the grid through power electronic smaller steady-state errors compared to when only the current
inverters. Compared with traditional synchronous generators, loop utilized predictive control. This fundamentally mproves
inverters can not provide inertia and damping to the system. the system's steady-state and dyngmlc performance.
The grid exhibits characteristics of "low inertia, weak Reference [12] employed dead-beat predictive current control,
damping," which can lead to complex transient processes setting the target current error as a linear combinatiqn of the
when disturbed. The proposal of Virtual Synchronous control errors from .the previous two cy§1es, to achieve the
Generator (VSG)[ 1-4] technology can effectively improve the purpose of reducing delay, enhancing the dygarplc
grid's absorption capacity of new energy power generation. performance of the system. Furthermore, dead-beat predictive
The VSG refers to the electromechanical transient control also exhibits strong robustness. In references [13-14],
characteristics of synchronous generators, enabling the under islgnded mode, VSG coptrol was utilized for the power
simulation of the rotor inertia and damping properties of loop, while predictive cpntrol is employed for the.voltage and
synchronous generators. It autonomously participates in current loops, enhancmg thq system's dynamlc response
primary frequency and voltage regulation of the system, speqd'. Howevqr, there is no literature avallab'le’on the grid
without the need for phase-locked loop, thus ensuring stab{llty analysis of VSG using dead-beat predictive cgntro_l.
synchronous operation with the grid. This approach reduces Distributed power sources are often far from the main grid,
construction costs and has become a recent research and the line impedance can not be ignored. They interact with
hotspot[5-7]. the output impedance of ipverters, leading to oscillations agd

The traditional VSG voltage and current loops typically decreasing system stability. Currently, there are two main
employ PI or PR control, requiring a complex parameter methods for analyzing th? Sta]?lhty Of. inverter-grid
tuning process. However, there is no unified consensus on the interconnected systems. One is the time-domain-based state-
parameter tuning method, and the response speed is relatively space method, which obtains the entire system state by
slow. When the output of new energy sources suddenly solvmg eigenvalues and eigenvectors. References [15-16]
increases or decreases, the grid needs to rapidly adjust voltage established a full-order state-space model for VSG and
and current to prevent problems such as voltage being too employed a participation analysis method to quantitatively
high or too low, current overload, thus ensuring the safe assess the influence of different control parameters on various
operation of the system. Dead-beat predictive control can frequency bands. However, this method requires knowledge
track reference signals within one cycle, with small transient of all state variables, and once parameters change,
errors and transition times. It does not require complex remodelling is necessary. Another method is based on
parameter tuning and is widely used in grid-connected frequenpy domain 1mpedgnce analysis, whlgh derives the
inverter control. References [8-10] proposed using PI control output impedance of the inverter by formulating frequency-
for the voltage loop and dead-beat predictive control for the dom{nn transfer functions. It'g characteristics 1nclqde c!ear
current loop, enhancing the system's dynamic response speed. physical concepts and convenient measurement verification.
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Reference [17] proposed modeling inverters using harmonic
linearization methods and combines them with the Nyquist
stability criterion to analyze the stability of inverter grid
connection. References [18-19] established sequence
impedance models for voltage-type and current-type virtual
synchronous generators. From a stability perspective, it is
concluded that voltage-type virtual synchronous generators
exhibit inductive characteristics in the mid-low frequency
range compared to current-type virtual synchronous
generators, making them less prone to oscillations with
inductive grids, thus more suitable for renewable energy
generation. However, only the power loop is considered,
while the voltage and current loops are neglected. References
[20-21] established a sequence impedance model for VSG
considering the voltage-current inner loop and found that the
inner loop has a negative impact on dynamic performance in
the low-frequency range, which can not be ignored during
modeling. Therefore, the output impedance characteristics of
VSG vary when different control schemes are adopted for the
voltage-current loop.

In this paper, dead-beat predictive control is used to replace
traditional PI control in VSG's double closed loop of voltage
and current. Linear interpolation method is used to predict the

reference value forward to reduce the influence of delay, and
error compensation is added to dead-beat predictive control
to improve it's stability. The complete sequence impedance
model of VSG is established and the interaction stability
between VSG and power grid is analyzed with Nyquist
stability criterion. In view of the lack of stability of VSG in
low frequency band, virtual resistance is used to improve the
interactive stability of the grid-connected system.

2. Basic Principles of VSG
2.1. The overall topology of VSG

The main circuit topology and control structure of VSG are
shown in Figure 1, including power loop, virtual resistor and
dead-beat predictive voltage and current control. Where Ugc
is the DC side voltage of the VSG, generally considered
constant; uap is the internal potential of the VSG; uoabc is the
output voltage of the VSG; irabc is the current flowing through
the filtering inductance of the VSG; ioabc is the three-phase
grid current of the VSG; L, and C, jointly constitute an LC
filter; Z, is the equivalent line impedance of the grid; eac is
the grid voltage.
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Figure 1. Topology and control scheme of the VSG

2.2. VSG power loop control policy

The active power loop of the VSG simulates the function
of a synchronous generator governor, enabling the inverter to
achieve primary frequency control, known as active-
frequency droop characteristic.

The control equations for the active power loop are given
by equations (1) and (2):

Py =Py =k, (0, — ) M
do
P P
<Dk o )(0-0) @
do
—=w
dt
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Where k, represents the active-frequency droop coefficient;
o and w, are the output angular frequency of VSG and the
rated angular frequency of the system respectively; Pref, Pm
and P. are command power, mechanical power and
electromagnetic power respectively; J is the moment of
inertia. By combining D and £, into one link, let D,=D+ky/wn.
Thus, adjusting D, enables frequency regulation and power
damping functionality.

The reactive power loop of the VSG simulates the
excitation characteristics of a synchronous generator, thereby
achieving voltage regulation functionality. The reactive
power droop control is represented by equation (3):

Em = UN + kq (Qrcf - Qc) (3)

Where kg represents the reactive power-voltage droop
coefficient of the VSG, E,, is the reference value of t he VSG
output voltage magnitude, and Un is the rated voltage
magnitude of the system.



The phase output of the active power loop and the voltage
amplitude output of the reactive power loop together
constitute the reference voltage as shown in equation (4):

E, =E_cosd

E, =E, cos(6—120") 4)

E, =E, cos(0+120)

Where E. , Ev , and E. represent the reference voltages
output by the VSG power loop.

The active and reactive power outputs of the system can be
represented as equation (5):

P, =1.5G; (4,1, +tplog)
)

Qe = 15Gf (uoﬁioa _uoaioﬁ)

Where Gt represents the filtering component, which filters
out the high-frequency harmonic components in the system.
oo and uop are the components of the VSG output voltage in
the aff coordinate system, while i, and iop are the components
of the VSG output current in the off coordinate system.

2.3. VSG voltage and current loop control
strategy

2.3.1. Dead-beat control based on error compensation
coefficient

Ideally, the sampling, computation, and modulation of the
controller should be completed simultaneously without any
delay in the system. However, in reality, due to the zero-order
hold sampling and the presence of PWM sections, a one-cycle
delay is introduced to the system, which can easily lead to
system instability. Based on the reference directions of
various variables in Figure 1, write KCL and KVL equations
for the system.

+1i

oo

La — lCa

u, =1L b ©

o oo

Equation (7) is obtained by discretization of equation (6),
where T is the sampling period.

%[(z‘m () =iy, ()] + 1, ()
i k1) = 2 [y () =, ()] 44, (K)

u, (k+1)=

(7

According to the principle of dead-beat predictive control,
the output voltage and output current value at k+1 moment
should follow the reference voltage value and the reference
current value provided by the voltage outer loop. Considering
the influence of delay, the linear interpolation method is used
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to predict the voltage and current reference value at k+1
moment:

{uo(k+1) —u, (k+1)

. . . (®)
u, (k+1)=1.5u, (k)-0.5u, (k-1)
i (k+1) =i (k+1)

. . . ©)
i, (k+1)=1.5i"(k)—0.5i (k1)

Considering that there is a large overshoot in one beat
follow, the error is defined as:

u, (k) —u, (k) = ¢, (k)
(10)

i]t(k)_iL(k) =e,(k)

According to the Lyapunov's second law, the Lyapunov
function L constructed must satisfy the following
conditions[22]:

(1) L(e(k)) has a first-order continuous partial derivative
with respect to e(k).

(2)L(e(k)) is positive definite, with L(e(k))=0 when e(k)=0;
and L(e(k))>0 when e(k)>0.

(3) The derivative of L(e(k)) is negative definite,

L (e.(k )) is less than 0.
LetL (k)= (k);L(k+1)=¢ (k+1);
L(ky =& (k); L(k+1) =€ (k+1);
ThusAL, = el (k+1)—¢ (k) ;AL, =e; (k+1)—e; (k) .
According to reference [11], the error compensation

coefficient can be used to link the error at time & to the error
at time k+1, so that:

{M:(k +1) =, (k+1) = Aug (k) —u, (k)
(1)

i (k+1) =i (k+1) = G (k) — i, (k)

Combining Lyapunov's second law, we have: -1<n<l1, -
1<A<1. Therefore, the reference current value with error
compensation term for voltage generation should be:

iy, (k) = %[u; (k+D(1=Ae™™) = (1= Dy ()] +1,, (k) (12)

The generated modulated signal containing an error
compensation term is:

L . «
M, =Fl[im(kﬂ)—'iim(k)—(1—77)im(k)]+uw(k)(13)

s

Using M, as the modulation signal input to the PWM
module, when both # and 1 are zero, it represents the
traditional dead-beat predictive control without considering
the error compensation term.
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Figure 2. Improved dual closed-loop predictive control block diagram

2.3.2. Stability analysis

When both voltage and current loops adopt dead-beat
predictive control and the influence of delay is considered, the
system becomes unstable, and the one-beat tracking system
exhibits a significant overshoot. Based on Figure 2, the pulse
transfer function of the improved dead-beat predictive control
system is derived.

u, (k) _ (_C]LI)ZZ +(A+n)C Liz—AnCL,
u,(k+1)  (-CL)z* +2C,Lz* +m,z" +m,z

(14)

The zero-pole plot of the system is plotted based on
equation (14) as shown in Figure 3.

From Figure 3, it is evident that in traditional predictive
control (when A=n=0), two out of the four poles are located
outside the unit circle.
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Figure 3. Zero pole diagram of closed-loop pulse function

According to reference [23], all the poles of the closed-loop
pulse transfer function of the system must be located inside
the unit circle for stability, which means the modulus of the
characteristic roots must be less than or equal to 1. The root
locus plot of equation (14) is depicted in Figure 3, with A fixed
and n ranging from 0.1 to 0.9. It can be observed from the plot
that as 1) increases, the poles move from outside the unit circle
towards the inside, simultaneously moving towards the real
axis, increasing the damping ratio, and enhancing system
stability. Similarly, by fixing the value of n and varying A
within the range of 0.1 to 0.9, the system's stability can be
increased. Therefore, the proposed improved dead-beat
predictive control is superior to traditional dead-beat
predictive control. At this point, the range of error coefficient
valuesis: 0.5 <A<1,0.5<n<1.

2.3.3. Selection of error compensation coefficients

To study the influence of A and 1 on the system, the Bode
plot of the closed-loop transfer function is plotted as shown
in Figure 4.
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1)The influence of system steady-state and dynamic
performance.

It can be observed from equation (14) that A and n have the
same effect in the formula. Here, 1 is taken as an example to
analyze the bode plot and zero-pole plot of the closed-loop
pulse function.
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Figure 4 Bode diagram of closed loop pulse transfer
function

From Figure 4, it can be observed that when 1 increases,
the resonance peak decreases, and the resonance frequency
also decreases, leading to an increase in bandwidth. This
indicates that a larger value of 1 within the range contributes
to system stability, and similarly, a larger value of A also
contributes to system stability.

2)The impact on dynamic response speed.

The convergence speeds wi and w, can be defined as[24]:

_ L)

= Ay e BB
L (k+1)

U L(k+1)

It can be observed that the convergence speed is inversely
proportional to the square of n and L. Smaller values of | and
A result in faster convergence speed. Therefore, considering
the dynamic performance and response speed of the system,
n and A can be selected within the range of 0.6 <1 < 0.8 and
0.6 <A <0.8.

3. Modeling and Analysis of Positive

and Negative Sequence Impedances
of VSG.

3.1. Main circuit modeling

The small-signal model of the VSG positive and negative
sequences is derived using harmonic linearization and
symmetrical component methods. In this paper, the DC-side
voltage is considered as a constant value. As depicted in



Figure 1, the relationship between the internal voltage, output
voltage, and output current of the VSG can be expressed as
equation (15), where the subscript k represents the phases abc:

u, =1+ sleC1 Ju,, +SLji,

(15)

Firstly, positive and negative sequence small-signal
disturbances are added to the output voltage of the VSG. After
adding the disturbances, taking phase A as an example, the
output voltage, output current, and inductor current of the
VSG can be expressed as:

u, (1) =V, cos(2z fit) +V, cos2z f 1 +¢,,)

(16)
+V cosQrft+e,,)
i, () =1 cos2z fit + ¢, )+ 1 cosr f i +¢,)) (17)
+1, cosQr f,t+¢,)
i, () =1y, cos2m fit + @y, ) + [Lp Cos(zﬂfpt + (pin) (18)

+1,, cosrft+@,.)

Where Vi, I, I and f; are respectively the fundamental
frequency voltage amplitude, the fundamental frequency
output current amplitude, the inductor current fundamental
frequency amplitude and the fundamental frequency. V;, I,
I, and f, are respectively positive sequence voltage
disturbance amplitude, positive sequence current response
amplitude, positive sequence inductor current response
amplitude and positive sequence disturbance frequency. V;,
I, In, fo are respectively negative sequence voltage
disturbance amplitude, negative sequence current response
amplitude, negative sequence inductor current response
amplitude and negative sequence disturbance frequency.

3.2. Power control loop modeling

Equations (16) and (17) are transformed by Clark to obtain
the expression of output voltage and output current in the of
coordinate system, as shown in equations (19) and (20).

Vi.f =%/
Voo /=41,
Vo, [ =21,
¢jV1af:if1
Fiv,. S =%/,
V.. [ =11,

U /1=
(19)

Uuﬁ[f]:

]

-+

I+
S

L,[f]=

I+

=

(20)
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+H
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[/]
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~
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H+
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.
=
H+
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L.f=%/
L f]= . /=21,
L,.f=%1, Q1)
Tl =54
[Lﬁ[f]: Tl [ =21,
L. =4/,

Where: Vi =V, /2, V, =(V, /2)e"™ , V, = (V, /)",
L=,/ | 1 =(I,/2)e™™ | I, =(,/2)e"™ |
I, =, /2)e o 7ILp = (ILp /2)eimp I, =L, /2)e

Substituting them into equation (5), the expressions of the
active power and reactive power output of the VSG are
obtained. Utilizing the frequency-domain convolution
theorem and neglecting high-order nonlinear small signals,
the frequency-domain expressions of the active power and
reactive power output are obtained:

3G(VIL+VI+V. I +
VL +VI+VI) f=0

P[f]= . . (22)
3G;(V I, +V L), f=%(f,— /)
3G;,(VL,+ VL), f=%(f, + /)
3jG(V,I, -V [ +V1 —
VI +VI -V1) f=0
Qe[f]: pp+ non nn) f (23)

3/G, (VL =V, L)), f=%(f, - 1))
3jG: (VL =V, 1)), f=£(/, + /)
According to equation (1), (2), (22), and (23), the

expression for the phase angle of the active power loop output
of the VSG is:

P P
0= N(s)(@,D, 4ot e
)

n n

24

The expression of voltage amplitude and voltage phase
angle can be obtained by using the frequency domain
convolution theorem as follows:

Uy +k[Qu = 3G, (VT =VI))L, /=0
E[f1=1-P3Gk, LV, =V, 1)), [ =2(f, = /) (25)
=BGk, LV, =V, L), f =2(f, + /)
N(s)G,[w,D, +&_M],f =0
O‘)n (Dn
0[f1=1-N (S)mi G(V,L+V/L), f=%(f,~f) (26

n

—N(s)wiGr (VI + VL), f =+(f, + )

n



By combining formula (25) and (26), the voltage reference
value provided by VSG in the a axis coordinate system is as
follows:

k, (V{‘Ip +VPI;‘) +k, (Vl*Ip —VPI;‘), f==f

E“‘ef[f] - {k3 (VIIn +Vn11)+k4(V11n _anl)’f = ifn (27)

Where &, =-3V,e"’N(s¥s5,)G,(sFs,)/4a,,

k, =¥3k je"" G.(sFs,)/ 4, ks and ks are the conjugates of
ki and k», respectively. ¢, = arcsin[F,o, L, / E V],
o=@ +r/2,s = j2xf N(s)=1/(Js +D,s).

3.3. Modeling of voltage-current loop with
virtual resistance

This paper adopts the method of using virtual resistance to
improve the phase margin of VSG, as shown in Figure 5.

inverter Virtual resistance Grid impedance ~ Grid
e AN
)y—— W
Uref:U*'Rv*io (7

Figure 5 VSG equivalent diagram with virtual resistors

Figure 5 presents the impedance model for establishing the
voltage-current dual closed-loop system. The reference
voltage U* of the power loop output, the product of the
inverter output current i, and the virtual resistance R, are
combined to create a new reference voltage. The frequency
domain expression for this is given as:

Uotrefp[f.] = Eurefp [f] - RV[pGi (S)’ f = fp
Uotrefn [f] = Earefn [f] - RVInGi (S), f = fn

(28)

Substituting equation (27) into equations (12) and (13), the
modulation wave signal on the a-axis is obtained as:

%?ka+na—zéﬂ>—a—ﬁmwmx3@n
+i, ()G (), f = f,

0L 1=1 ¢ (29)
71[”;‘ (k+1)(1=2e") = (1= Du,, (k)G, (s)]
+i, ()G (5), f = f,
%[i: (k+1) =i, (k)= (1=1)G, (5)ig, (5)]
U1} 0GOS = ], (30)

-%M@+D—ﬁm—a—m@@m4m1
+V, ()G, (), f = f,

Assuming the direction of current flowing into VSG from
the inverter is positive, based on equations (15), (27), (29),
and (30), the positive and negative sequence impedances of
VSG with virtual resistance can be obtained as shown in
equations (31) and (32):

G,L P P p
sL,— }S‘(77—1+[0.75C]Gi(s)(/1Gd—1)(Gd—3)T:— d(472;+0'5j+1'5}77(272;+1j}
Z = PRCE 31
(1+L1C1S2)—Gd 1+£ 3Clpl _ C1P1Gd _77C1L21P1 41 U
T\ 2T 2T, T, &I
sL -9 14 0756,6.(5) (76, ~1)(G, ~3) L~ G| 2 +0.5 | +1.5 | —n| L 41
s ‘ 4 T,
Z, = 7 " (32)
(1+L1C1S2)—Gd 1+£ 3Cq, _ C49,G, _77C1[2’1‘J1 " 1(77_ )
T\ 2T, 2T, T, &I

Where G, =¢"; G, =G, (s—s5,);G, =G (s—s5);
p,=p-1+05G,G I (BG, -1)(k — k)G, -3);

p; =G,V -R +G, KV ;
P, =CG,(BG, -G, —=3)p,;
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q1, g2, and n3 are the conjugates of p1, p2, and p; respectively,
and R, represents the virtual resistance.

3.4. Analysis of VSG sequence impedance
without virtual resistance
Without considering the virtual resistance, according to the
expressions for the output impedance (31) and (32), where R,
equals 0, plot the magnitude and phase characteristics of the
system's output impedance as shown in Figure 6, with the grid
impedance Lg being 4mH.
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Figure 6. Output impedance of VSG without virtual resistance

The positive sequence output impedance of VSG is located
in the inductive dissipation region at low frequencies, and the
grid impedance is also inductive. However, there is a large
phase jump at the fundamental frequency. Meanwhile, from
the magnitude-frequency characteristic curve at the
fundamental frequency, an upward spike can be observed.
The negative sequence output impedance of VSG is located
in the capacitive dissipation region at low frequencies, and
there is no phase jump at the fundamental frequency.
Correspondingly, the magnitude-frequency characteristic
curve also does not exhibit spikes. In the high-frequency
range, both the positive and negative sequence output
impedance characteristics exhibit LC filtering characteristics
consistently. Let PM(f) be the phase margin, the phase margin
of the negative sequence impedance at the intersection point
in the low-frequency range is PM(f)=180°-|Z,(f)-Zo(f)|=-6.4°,
which does not satisfy the stability requirements. When the
system is subjected to low-frequency disturbances,
oscillations will occur, affecting the stable operation of the
system.

3.5. Analysis of VSG sequence impedance
considering virtual resistance

From the above analysis, it can be seen that when the
reference value generated by the power loop is directly used
as the reference value for the output voltage of the voltage
loop, the phase margin at low frequencies does not satisfy the
stability conditions. Therefore, it is necessary to correct the
output impedance of the VSG. Considering that resistance
mainly affects the magnitude and phase characteristic curve
in the low-frequency range[25-29], The method of
introducing a virtual resistance as shown in Figure 5 can be
used for correction. From Figure 7, it can be seen that when
the inverter is connected to the grid, there is sufficient phase
margin in the sub-synchronous frequency range, meeting the
stability requirements.
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Figure 7. Output impedance of VSG considering virtual resistance

As can be seen from Figure 7, the introduction of virtual
resistance changes the positive and negative sequence output
impedance of VSG. In the low-frequency range, the positive
sequence impedance is no longer in the dissipative region and
becomes inductive. However, due to the asymmetry of the
power loop, there is a phase transition at the fundamental
frequency, resulting in a small spike in the magnitude-
frequency characteristic curve. However, compared to Figure
6 without virtual resistance, there is a significant
improvement. The negative sequence output impedance of
VSG becomes capacitive after the introduction of resistance,
no longer in the dissipative region, and the magnitude-phase
characteristic curve shifts upward. Taking the negative
sequence impedance as an example, when the grid impedance
is 4mH and the Short Circuit Ratio (SCR) is 23, they intersect
at 10.2Hz. At this intersection point, the phase margin is 90.5.
From the figure, it can be seen that the stability margin of the
positive sequence impedance also meets the requirements. In
addition, it can be seen from the Figure 7 that VSG using dead
beat predictive control has a lower output impedance and a
stronger load-carrying capacity.

4. Analysis of Stability Related
Influencing Factors

Using Thevenin's equivalence theorem, VSG and the grid
are equivalent to the series of ideal voltage source and output
impedance, the grid-connected equivalent circuit of the
voltage-type VSG is obtained as shown in Figure 8.

@ @

Figure 8 Voltage type VSG grid connection diagram

From Figure 8, it can be observed that V represents the
potential voltage within the VSG, V, and Z, are grid voltage
and grid impedance respectively. Since the resistive
component of the grid impedance can enhance system
stability margin, this paper considers using purely inductive
reactance to simulate the worst-case scenario. The expression
of grid-connected current is:



1+Z,/Z, (33)

The stability of the grid-connected inverter system can be
analyzed from the expression of the grid-connected current.
From equation (33), it is evident that for the grid system to be
stable when the VSG and the grid are stable, the following
two conditions must be met:

(1)The VSG system is stable when the grid impedance is 0.

(2)The stability is ensured when the right-hand side of the

equation, the second term is stable.

1

1+Z,/Z,

The system can only be stable when the ratio of the positive
and negative sequence output impedances of the VSG to the
grid impedance satisfies the Nyquist stability criterion.
Alternatively, the stability of the system can be determined by
the phase margin at the intersection point of the positive and
negative sequence output impedances of the VSG with the

grid impedance.

4.1. Influence of error coefficients A and n on
system stability
By varying the values of A and 1 according to equations (31)

and (32), the effect of error compensation coefficients on the
system is studied.
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Figure 9. Impact of virtual resistance changes on stability

As shown in Figure 9, introducing error compensation
coefficients eliminates significant phase discontinuities in the
high-frequency range, resulting in the system's phase being
within the range of [-90, 90] in the high-frequency regime.
This improves stability in the high-frequency range.

4.2. The effect of grid impedance Ry on the
stability of the system

Change the resistance value of the virtual resistor according
to equations (31) and (32), and observe the output impedance
characteristics of the VSG.

It can be observed from Figure 10 that as the value of the
virtual resistor increases from 0.1Q to 0.3Q, the phase
characteristics of the positive-sequence impedance of the
inverter output gradually approach 90°, and the negative-
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sequence impedance gradually approach -90°. This increases
the stability margin of the system. However, an excessively
large virtual resistor can cause a decrease in the output voltage.
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Figure 10. Impact of virtual resistance changes on stability

4.3. The effect of grid impedance Lg on the
stability of the system

Figure 11 shows the amplitude-phase characteristic curve
of VSG's positive and negative sequence output impedance
and grid impedance after adding virtual resistance. When the
grid impedance is increased from 4mH to 30mH, the phase-
frequency characteristics of the output impedance of the
inverter does not change, but the amplitude-frequency
characteristic curve shifts to the left at the intersection of the
grid impedance. The system phase margin meets the
requirements, indicating that the system is stable.
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Figure 11. VSG and grid impedance Lg characteristic curve

5. Simulation Verification

5.1. VSG positive and negative sequence
impedance model verification

Plot the Bode diagram of the positive and negative
sequence impedances based on equations (31) and (32). Using
the data from Table 1, construct a simulation model of VSG
containing a virtual resistor in MATLAB/Simulink, and
verify the correctness of the modeling of positive and
negative sequence impedances.



Table 1. System parameters of VSG

symbol value
Pret/w 5000
Qref/Var 0
Dy 15
kq 0.0001
ﬁw/ kHz 10
fi/Hz 50
Udac/V 700
niv 311
Ci/uF 40
Li/mH 2.2
J/(kg.m?) 0.7
RV/Q 0.3
fi/kHz 20
Gi(s) 1/(800ms+1)
G(s) 1/(8000ms+1)
Gi(s) 1/(8000ms+1)

As shown in Figure 12, small signal voltage perturbations and negative sequence impedance characteristic curve, and
of different frequencies are injected at PCC points to obtain the cross and hollow circle are the results of the simulation
the current at corresponding frequencies, and the positive and model's frequency sweep. The two have a high degree of
negative sequence impedance is obtained by using the ratio of consistency, which verifies the accuracy of the established
voltage and current signals. model.

As can be seen from Figure. 12, the solid line is the positive
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(b)VSG output impedance negative sequence sweep frequency verification
Figure 12. Positive and negative sequence sweep frequency verification

5.2. VSG grid-connected current verification grid-connected current and output active power at this time is
- shown in Figure 13.
5.2.1. Impact on the system when virtual resistors are

added
When virtual resistance is not considered, the waveform of
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(b) active power waveform diagram
Figure 13. Grid connected current and output active power waveform diagram without virtual resistor

From Figure 6, it can be observed that the grid impedance
L, intersects with the output impedance of VSG at 0Hz when
L, is 4mH. At this point, the phase margin is -6.4°, indicating
system instability. From Figure 13(a), it can be observed that
when Lg is 4mH, the three-phase grid-connected currents
exhibit distortion, with a Total Harmonic Distortion (THD) of
6.62%, which does not meet the national requirement of THD

being less than 5%. Additionally, as shown in Figure 13(b),
there are low-frequency oscillations present in the active
power output, confirming the correctness of the VSG model.

Add a virtual resistor and make the active power instruction
step from 5000w to 7000w at 1s. At this time, the grid-
connected current and output active power waveform are
shown in Figure 14.
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(a)grid-connected current waveform diagram
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(b)active power waveform diagram
Figure 14. Grid connection current and output active power when virtual resistor is added

Figure 14(a) shows the three-phase grid-connected currents
of the VSG after adding a virtual resistor, with a Total
Harmonic Distortion (THD) of 0.46%, meeting grid standards.
At this point, the active power waveform of the VSG output
is well-behaved, indicating that the proposed virtual resistor
strategy can increase stability margin in the low-frequency
range and suppress low-frequency oscillations.
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5.2.2. Influence of power grid inductance change on the
system
As the grid impedance L, increases, the phase margin of the
system becomes smaller. Considering the grid impedance
when the weak grid SCR=3, it can be seen from equation (33)
that Ly is 30mH at this time.



U2
SCR=—2*

33
Sz, (33)

Figure 15 depicts the current waveform of the voltage-
controlled VSG when the virtual resistor is added, with
SCR=3. At this point, the waveform is satisfactory, validating
that when Lg is 30mH, the phase margin meets the

requirements. Therefore, the voltage-controlled VSG can still
operate stably.
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Figure 15. Waveforms of grid connected current when grid
impedance changes

6. Conclusion

This paper adopts an improved dead-beat predictive control
for the voltage-current loop of VSG, and the sequence
impedance model of VSG is established by harmonic
linearization method to analyze the stability of the grid-

connected system, and the following conclusions are obtained:

1) Compared with PR and PI control, adopting dead-beat
predictive control for the voltage-current loop of VSG
eliminates the need for parameter tuning. Due to system delay
and significant overshoot in one beat, instability may occur.
By employing Lyapunov's second law to construct error
compensation terms and using linear interpolation to predict
the reference values of voltage and current at k+1 moment.
By adjusting the values of n and A in the closed-loop pulse
transfer function, the poles outside the unit circle are moved
to the unit circle, and the VSG system is stabilized.

2) The harmonic linearization method is used to establish
the complete sequence impedance model of VSG with power
loop, dead-beat predictive control voltage and current loop
and delay link. Through the analysis of sequence impedance,
it is found that: The phase of the negative sequence
impedance in the low frequency band is lower than -90°, and
the phase margin in the low frequency band is insufficient
under the condition of weak power grid, which will cause the
system to oscillate, and the system will lose stability in severe
cases. The virtual resistor is proposed to increase the phase
margin of the system and improve the stability of the system.
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