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Abstract: Virtual synchronous generator (VSG) control is a promising control approach for voltage
source converters as an interface between new energy sources and the power grid. VSG is a grid-
friendly control scheme, which can imitate the mechanical inertia of the synchronous generator
(SG) and the power droop characteristics. Yet, the droop characteristics imitation of SG induces the
frequency variation of the grid-connected inverter along with the droop characteristic curve, which
will deteriorate the performance of the grid frequency support during the transient process. In this
paper, a control scheme, which shapes the droop curve during the disturbance, is proposed for active
grid frequency support. First, a load disturbance extraction strategy with a high-pass filter is applied
in the proposed method, and the disturbance component is effectively extracted to compensate for the
frequency reference variation in traditional VSG control. The grid frequency is actively supported by
shaping the droop curve of active power to the frequency of VSG during the disturbance. Afterward,
Ho and H) norms are used as the objective function to quantify the control performance of the
proposed method, and the particle swarm optimization (PSO) algorithm is applied to optimize the
control parameters of the proposed method. With a well-optimized high-pass filter, the active support
performance is further improved. Finally, the simulation results and hardware in the loop (HIL) tests
verify the effectiveness of the proposed method.

Keywords: virtual synchronous generator; synchronous generator; high-pass filter; active frequency
support; inertia

1. Introduction

The grid-connected inverter has been widely applied in the power grid with the
increase of the penetration rate of renewable energy. The grid-friendly control scheme
is mainly concerned for improving the interaction performance between the grid and
the inverter. Traditionally, the control schemes for grid-connected inverter include grid-
following control and grid-forming control [1]. The former, which includes constant current
control, constant power control [2,3], cannot support the power grid during the transient
process. Therefore, a large number of inverters with grid-following control connected
to the grid will reduce the system inertia, increase the frequency fluctuations, which is a
serious challenge for the safe and stable operation of the power system [4-9].

To mitigate the negative effect caused by the inverters on the power grid, smart
inverters (SIs) are designed and have been applied in several locations. Sls are inverters
with advanced functions, which can improve the disturbance rejection ability and support
the frequency and voltage of the power grid during the load disturbance [10,11]. However,
the increase of total inertia is limited with SlIs [12]. To solve the low inertia issue and
overcome the frequency fluctuation more reliably, as the representative grid-forming
control, the virtual synchronous generator (VSG) control has been widely studied in recent
years [13-16]. VSG has similar natures to the synchronous generator, and it can simulate
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the mechanical inertia and the power droop characteristics. Therefore, VSG is an attractive
control scheme for power grid support in the renewable energy system.

By the simulation for the inertia of the synchronous generator, the VSG control strategy
enables the grid-connected inverter to participate extensively in the frequency regulation
of the system [17]. In recent years, to fully utilize the benefits of VSG, various improvement
strategy for VSG have been developed. By adding virtual inertia to the traditional droop
control in [18], the transient response of the microgrid is improved. A novel control scheme
for VSG, which damps the power and frequency oscillation, is introduced in [19]. For better
analyzing the nature of VSG, the small-signal modeling and parameters design of the VSG
are discussed in [20]. It can be concluded that the method of increasing virtual inertia
results in a reduction of frequency overshoot in [21], however, bigger inertia induces slower
dynamics. Comparing to the fixed inertia of the synchronous generator, the flexible and
adjustable virtual inertia of VSG is more advantageous. For instance, a bang-bang rotational
inertia adaptive control is proposed in [22]. By judging the frequency deviation and the
slope of the frequency of VSG, two virtual inertia values are selected. However, the inertia
in the bang-bang control jumps between the maximum value and the minimum value, and
the control system thereby is sensitive to disturbances. To obtain more appropriate inertia,
an adaptive virtual inertia strategy has been proposed in [23-25], which can realize the
smooth transition of virtual inertia in the transient process. However, both the structure
and the parameters design are complicated. Besides, a control method, which uses the
frequency deviation to compensate the power difference, is proposed in [26], with which
the slope of grid frequency can be introduced to the active power control loop of VSG. As a
result, the frequency drop depth is reduced, but the compensation speed of this frequency
deviation control is relatively slow. Furthermore, the grid frequency is generally obtained
by the phase-locked loop (PLL), and the improper tune of the PLL parameters would
deteriorate system stability [27].

Although the above research has indicated that the introduction of virtual inertia
can effectively suppress the frequency fluctuations caused by load disturbances, currently,
the studies on VSG technology mostly focus on the simulation or improvement of virtual
inertia. These methods don’t make full use of the flexible and controllable characteristics
of the grid-connected inverter [28], which limits the performance of VSG of improving
frequency stability. Most importantly, the VSG algorithm simulates the inertia of the
synchronous generator and the characteristics of P-f droop control and Q-V droop control
at the same time. As a result, the frequency of VSG and SG will change along with the
P-f droop characteristic curve. Therefore, the ability of VSG to support the grid frequency
is limited, and grid frequency support can’t be realized actively. To overcome the above
issues, this paper proposes an active grid frequency support strategy for VSG. In the
proposed method, the load disturbance power is first extracted by the high-pass filter and
superimposed into the VSG control system. The transient frequency characteristic of the
VSG thereby is improved. Meanwhile, more active power is provided by VSG, which has
great significance for the promotion of the new energy.

In this paper, the microgrid system with VSG-SG interaction is built. VSG technology
is being attractive in the microgrid, and SG is one of the typical reliable energy sources in
the microgrid. Therefore, the paralleled VSG-SG coupling system is a normal scenario in
microgrids [29,30]. Some research has been made to explore the paralleled synchronous
and virtual synchronous generators system, which mainly includes the pre-synchronization
control method [31], transient power-sharing [32], and transient angle stability [33]. How-
ever, the frequency stability issue in such a scenario is rarely concerned. Therefore, for the
VSG-SG coupling system, the improvement of the frequency dynamic of SG is focused in
this paper. The contributions of this paper are as follows:

1.  Inthe VSG-SG coupling system, the closed-loop transfer function between the load dis-
turbance input and the SG angular frequency output is built. The frequency dynamic
of the VSG-5G coupling system is revealed by this closed-loop transfer function.
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2. An active grid frequency support strategy is proposed, which enables VSG to com-
pensate for the power balance and effectively realize the active support of the grid
frequency by a high-pass filter.

3.  To further improve the frequency support performance of the power grid, the parti-
cle swarm optimization (PSO) algorithm is used to optimize the parameters of the
proposed strategy.

The paper is organized as follows. The basic operation principle and frequency
characteristics of the VSG-SG coupling system are introduced in Section 2. In Section 3, the
active grid frequency support strategy is presented, the theory of PSO algorithm and He
and Hj norms are also elaborated. Then, simulation and hardware in the loop (HIL) test
results are given in Section 4. The main conclusions are summarized in Section 5.

2. Frequency Characteristics of VSG-SG Coupling System

The simplified block diagram of the VSG-SG coupling system is shown in Figure 1,
where three-phase voltage-source inverter and synchronous generator are connected to
the load at the common coupling point (PCC). Uy, represents the VSG’s DC voltage. uy;p.
and 7o are the output voltage and current of the inverter, respectively. Ly and Cy are the
filter inductor and capacitor, respectively. L1 and L, are the line inductance of V5G and SG,
respectively. x¢; and x4, are the leakage reactance of SG export step-up transformer and
step-down transformer, respectively.

VSG
PCC
L, L
UJ:dCT J r-mrpf o rml
T

Voabe ioabc

CfJ_
T 21.86 1 \A

Power
PWM calculation

T Er ﬂ Ql
abc Voltage & [€ It VSG

0 control [«

dq current loop

X1 L, Xp
O~ oD

2.4kV/25kV 25kV/380V

Figure 1. Main circuit and control diagram of VSG-SG coupling system.

2.1. Control and Mathematical Model of VSG

Figure 2 shows the block diagram of the VSG control, where E ., and 6 are the am-
plitude and the phase angle of the voltage reference, respectively. E, represents the rated
voltage. Qser and Qg are the reactive power reference and output reactive power, respec-
tively. kq1 represents the voltage-drooping coefficient. The reactive power control emulates
the excitation regulator, while the active power control emulates the rotor motion equation
and the governor of the synchronous generator.
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Figure 2. The VSG control diagram with active power and reactive power controller.

According to Figure 2, the rotor motion equation can be expressed as

]1%:%_%_Dl(wl_wn) 1
where w;, represents the rated angular frequency. w; is the virtual angular frequency
of VSG. Py, and P; are the virtual mechanical active power and output active power,
respectively. |1 represents the virtual inertia, and D; is the damping coefficient.

The virtual governor reflects the primary frequency characteristics of the synchronous
generator, which can be represented as

Py = Pref + kpl (wﬂ - wl) 2)

where P, is the active power reference. k1 is the droop coefficient.
Substituting Equation (2) into Equation (1), and Equation (3) can be derived by the
small-signal linearization method.

1

- AP 3
Jiwys + Diwy, + kpl ! ®)

Awl =

2.2. Control and Mathematical Model of SG

The control system of the synchronous generator consists of an excitation regulator
and governor. Figure 3 shows the governor control block diagram.

a)n* 1 PmZ
ko >
1+75s

Y

Figure 3. The governor diagram of synchronous generator.

According to Figure 3, the mechanical active power Py,;»* of SG satisfies

— ()~ w3) @

where wy* represents the angular frequency of SG. k> and T, represent the proportional

coefficient and time-delay constant of the governor, respectively. Superscript “*” indicates
the nominal value.
The rotor motion equation of SG can be expressed as
dw;
T =P — P2 5)

Idt
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where T is the inertial constant.
Combining with Equations (4) and (5), the relation between Aw, and AP, can be
written as Equation (6) by the small-signal linearization method.

Wy 1+ Tos
Sbase T]'T252 + T]'S + kpz

Awy = — AP, (6)

where Sy, is the power reference value.

2.3. Model of VSG-SG Coupling System

The VSG and SG are equivalent to the ideal voltage source with an output impedance,
as shown in Figure 4, E; and E; are the root mean square values of VSG and SG output
voltages, respectively. 61 and 6, are the output voltage phase of VSG and SG, respectively.
Vpee and 0y represent the root mean square value and phase of the PCC voltage, respec-
tively. X; and X, represent the equivalent reactance of VSG and SG, respectively. Pj,,4 is
the load active power.

El £ 91 Xl Vpcc Z epcc

E, /6, X,

Pioaa

Figure 4. Equivalent circuit of VSG-5G coupling system.

According to Figure 4, the expressions of output active power of VSG and SG can be
written as

3EV, 3EV,
P = ;i”“ sin(6; — Opec) = %”“ sin &4
(7)
3E,V, 3E,V,
P, = %’”“ sin(6y — Opec) = % sin &,

where 81 and 0, are the phase angle difference of VSG and SG output voltage relative to
PCC voltage, respectively. The relation between the phase angles can be expressed as

d(elfepcc) _ddy

d =@ — W1 Wpee
d (92 _tgpcc ) d ;2 (8)
—ar T a — W2 — Wpce
The Equation (9) can be derived by linearizing Equation (7) and (8).
APy = 5 cos 51A8; = K1 A8, o
sAd = Awl — Awpec
3E2V cc
APy = ” cos &y Ady = KpAbd
2002 20802 (10)
sASy = sz — Awpee

Based on the power conservation relationship, the load disturbance power can be
written as
AP; + APy, = APy (11)
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Substituting Equation (6) into (10), the angular frequency of PCC can be expressed as

(Tas + 1) APy — AP, (12)

Awpee =
Pee Sbase (TZT]‘SZ + Tis + kpz) K>

Substituting Equations (12) and (13) into (9), The relation between active power AP,
and AP; can be expressed as

Ki(1+ A)
AP, = ———~-AP. 13
1= K1) (13)
where
A — szn(Tzs-‘rl)

Spase (T2 Tjs?+Tis>+ky2 )
L (14)

B= Jiwns®+(kp1+Dywn )s

In VSG and SG coupling system, we focus on the SG frequency rather than the VSG
frequency because the former is considered as the main reliable energy source.

Combining with Equations (6), (11) and (13), the closed-loop transfer function between
the load disturbance input and the SG frequency output can be obtained.

Awy bis3 + bhs? + bs + by

G'(s) = =
(s) APoag  a)s* + ays3 + ahs? + as + aj)

(15)

where the coefficients ay’'—a4’, by’-b;’ are presented in Appendix A.

3. Active Grid Frequency Support Strategy
3.1. Frequency Characteristics of VSG-SG Coupling System Based on Active Grid Frequency
Support Strategy

This paper proposes a load power extraction strategy based on the first-order high-
pass filter to provide active frequency support. The structure of the proposed control
strategy is shown in Figure 5. Under the proposed control scheme, the load disturbance
component is introduced into the active power control of the virtual synchronous generator
without detecting other variables. Simultaneously, the control structure is relatively simple,
and the VSG can detect the change of active power directly under load disturbance. In other
words, the proposed control strategy can actively provide additional power to improve the
frequency stability of the synchronous generator.

Py

wy, Pml 1
(0] Pl

Figure 5. Active power control block diagram of VSG based on the first-order high-pass filter.

According to Figure 5, the active loop control equation of the VSG after introducing
the high-pass filter can be written as

Pref+kp1(wn_wl)_Pl Ts

P 16
Jiwns + Dyw, KA+Ts) ! (16)

w1 = wy +

where K and T are the proportional coefficient and time constant of the high-pass
filter, respectively.



Electronics 2021, 10, 1131

7 of 19

Combining with Equations (6), (9), (10) and (16), the closed-loop transfer function
between load disturbance input and SG frequency output can be obtained as

G(S) N A(Uz . b4S4 + b3S3 + b252 + bls + bo (17)
APy a58° + ags* + azs® + az5 + ays +ag

where the coefficients ap—as5, by—bs are presented in Appendix A.

Figure 6 shows the frequency output characteristics of the traditional P-f droop control
and the active frequency support strategy proposed in this paper. As the load increases, the
operating points of the VSG in the two modes move from point A to point B along the blue
and red curves, respectively. It can be observed that the active frequency support strategy
changes the VSG frequency output characteristic during the transient process, and then
provides active support for the grid frequency.

A — Traditional P-f'droop control
@N — The droop curve of the proposed
> control strategy
i a
Syl S— — .
e : ;
R : :

Active Power/kW

Figure 6. Comparison of frequency characteristics in transient process between traditional droop
control and the proposed control method.

3.2. Optimization of High-Pass Filter Parameters

By taking the first-order high-pass filter into the active power control of VSG, the
active power support for the system can be provided. Meanwhile, the frequency fluctuation
can be reduced after a load disturbance. However, the control performance is related to the
parameters K and T of the high-pass filter, where the duration of power support depends
on the time constant of the high-pass filter. The value of power support depends on the
proportional coefficient. Therefore, the optimization design of parameters K and T is
necessary to further improve the frequency support performance.

3.2.1. Hs and H, Norms

To analyze the effect of the high-pass filter on the disturbance suppression ability of
the SG frequency quantitatively, the Ho and Hp norms of the transfer function G(s) shown
in the Equation (17) can be utilized as a performance indicator. The He, norm represents
the maximum gain of the closed-loop system in the frequency domain. It indicates the
disturbance suppression ability at the resonance frequency, which is more related to the
damping characteristics. The Hp norm reflects the system’s control performance in the
entire frequency band, which is related to the overshoot [34]. The smaller H, and Hp
norms, the stronger the disturbance rejection ability of the system. In other words, the
disturbance suppression ability is improved with the decrease of He, and H norms.

The Hoo and H, norms of the transfer function G(s) are defined as [35]

1G () oo = sup (G (jew)]

18
1G(s)l = / 5k [ trace | G (jew) " G(juw) | dew i
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where 7[G(jw)] represents the largest singular value of G(jw). G is the conjugate transpose
of G and trace(G) represents the trace of G.

3.2.2. Particle Swarm Optimization Algorithm

Although the Hy, and Hj norms can effectively reflect the impact of disturbance input
on output, the analytic expression of the Equation (18) is extremely complicated. After
substituting the transfer function G(s) into the Equation (18), the analytic expression of
the optimal solution of parameters K and T cannot be obtained directly. Thus, optimal
algorithmic techniques need to be carried out to search optimal parameters K and T, such
as butterfly algorithmic (BOA) [36], genetic algorithm (GA) [37]. The particle swarm
optimization algorithm (PSO) is considered in this paper due to its higher convergence
characteristic with lesser elapsed time [38].

The PSO algorithm is a random optimization algorithm based on swarm intelli-
gence [39]. The position in the search space represents a potential solution to the optimiza-
tion problem. Each particle’s characteristic can be represented by indicators, such as the
particle’s position, velocity, and fitness value, where the fitness value determines the quality
of the particle. Particles are updated by following two factors: one is the individual’s best
position ever found (Pj); the other is the group’s best position (Pgy). In every iteration, the
particle updates its position and velocity with Equation (19).

VER = wVE + ey (Pl — XK) + czrz(Pé‘d - x5)

(19)
X=X+ Vg
where w is the inertia weight. k represents the iteration number. ¢; and c; are learning
factors, respectively. 1 and rp are random numbers between 0 and 1. Vj; and X;; are the
velocity and position of i-th particle, respectively.
To improve the search performance of the PSO algorithm, a method of dynamic inertia
weight is considered, and the dynamic inertia weight coefficient can be given as

2
w(k) = Wstart — (wstart - wend) (Tk) (20)
max

where T4y represents the maximum number of iterations. Generally, the algorithm perfor-

mance is the best when wg,+ is 0.9 and w,,,4 is 0.4 [40].
The Hoo and Hy norms are utilized as an index to describe the frequency response
characteristics of the system, which can reflect the system’s performance to suppress
disturbances. Therefore, this paper chooses the weight of H,, and Hp norms as the

objective function
min] = &[|G(s)[ + (1 = ) [|G(s)]l (21)

where G(s) represents the transfer function shown in the Equation (17). « is the weight
coefficient in the range [0, 1], which represents the proportion of the Ho, norm in the
objective function.

Figure 7 shows the three-dimensional graph, which reflects the relation between
objective function | and parameters K and T of the high-pass filter under different weight
coefficients. It can be observed that the objective function in Figure 7a,b has a minimum
value, and the optimal results under different weight coefficients are different; whereas,
the optimal results with different weight coefficients are not comparable since the weight
coefficients are selected according to design requirements. When « is set to be smaller than
0.5, better performance of Hy norm is obtained. When « is set to be larger than 0.5, better
performance of He norm is obtained. In this paper, the value of « is chosen as 0.7.
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Figure 7. The relation between objective function ], proportional coefficient K, and time constant T
with: (a) « =0.3; (b) « = 0.7.

4. Verification of Proposed Strategy

The effectiveness of the proposed active grid frequency support strategy is first
verified by the simulation for a VSG-SG coupling system shown in Figure 1 in MAT-
LAB/SIMULINK, and the system parameters are listed in Table 1. The switching frequency
is 10 kHz. At the initial operating point of the system, the load is a constant power load
with 15 kW. A 10% load disturbance is increased suddenly at 2 s.

Table 1. Parameters of the VSG-5G coupling system.

Parameters Values Parameters Values
Ly 2mH T; 245
Cr 20 uF Xt 0.03 p.u.
Ll 10 mH Xt 0.03 p-u.
1 0.06 kg-m? L, 10 mH
D, 5N-m-s/rad kp> 100
Spase 50 kVA T 0.1
Pref 7kW Qref 0 Var
Ssa 50 kVA Uy, 800V

According to Equations (15) and (17), the frequency response of the SG during a load
disturbance can be obtained. Additionally, the comparison between theoretical analysis
and simulation results is shown in Figure 8. It can be seen in Figure 8 that theoretical results
obtained by the small-signal model can accurately represent the dynamics of the system,
which verifies the correctness of the small-signal model.
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Figure 8. Step responses of SG angular frequency: (a) without the high-pass filter; (b) with the
high-pass filter.

4.1. Simulation Results with Constant Power Load

The PSO parameters are chosen as ¢; = ¢ = 1.425 and Ty = 100. The original
parameters K and T of the high-pass filter are set as 2000 and 0.07, respectively. The
high-pass filter parameters can be optimized as K= 1658.2 and T = 0.1.

To verify the effectiveness of the strategy quantitatively, the Ho, and Hp norms are
calculated and presented in Table 2.

Table 2. Comparison of He and H, norms in three cases.

Cases He Norm H; Norm
without the high-pass filter 1.5457 x 1074 3.3907 x 104
with the high-pass filter 1.0565 x 10~* 2.6175 x 1074
with the high-pass filter/parameters optimized 8.8968 x 107° 21899 x 1074

Table 2 shows that when the high-pass filter is added to the active power loop of the
VSG, the He and Hj norms are reduced. Moreover, He, and Hy norms with optimized
parameters are further reduced, which indicates that the disturbance rejection ability of SG
is gradually increasing, and the frequency fluctuation is decreasing.

Figure 9 shows the angular frequency of VSG under three cases. In case 1, a high-pass
filter for load disturbance extraction is not used in VSG control, and in case 2, the high-pass
filter is introduced in VSG control without optimized parameters. In the last case, the
control parameters of the proposed method are optimized.
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Figure 9. The simulation result of VSG angular frequency in three cases under the condition of load
sudden increase.

In Figure 9, the frequency of the VSG without the high-pass filter directly drops due to
the droop characteristic under the increase of load power. On the contrary, when adopting
the VSG control strategy proposed in this paper, the frequency increases first during the
transient process, which demonstrates that the VSG control strategy based on the high-pass
filter is an active frequency support strategy.

Figure 10 and Figure 12 show the angular frequency of SG and PCC point under three
cases, respectively. The active power comparison of SG and VSG is shown in Figure 11.

313.7
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Figure 10. The simulation result of SG angular frequency in three cases under the condition of load
sudden increase.
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Figure 11. The simulation result of active power in three cases under the condition of load
sudden increase.
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From Figures 10 and 11, it can be seen that the conventional VSG control strategy
without a high-pass filter shows the most serious oscillation. In comparison, with the
proposed strategy, the VSG actively shares more active power during the load disturbance
and extends the supporting time of the active power. The SG frequency nadir is increased
from 313.1556 to 313.2305 rad/s, and the slope of frequency is reduced. After adopting
the high-pass filter with optimized parameters based on the PSO algorithm, the angular
frequency performance of SG is the best compared with other cases. Furthermore, since
the VSG provides more additional power and extends the duration of power support, the
damping of the system becomes larger, which attenuates the frequency oscillations.

As shown in Figure 12, the frequency response of the PCC point in different cases also
demonstrates that the proposed strategy has the ability of active frequency support.

~ 315 - - - : : .

§ — Without the high-pass filter

:’% — With the high-pass filter

% 314 T —— With the high-pass filter/parameters optimized |

g

= 313 312.4 V/ ]

<

:20 312.35

R . 202 203 .
2 2.2 2.4 2.6 2.8 3

Time(s)

Figure 12. The simulation result of PCC angular frequency in three cases under the condition of load

sudden increase.

4.2. Simulations Results with Full Load

Asynchronous motors are a common type of load in the actual power system. There-
fore, to show the effectiveness of the proposed method with different load types, the
asynchronous motor is considered here instead of constant power load. The simulation
results in different cases, i.e., without the high-pass filter, with the high-pass filter, and with
the parameters optimized high-pass filter, are displayed in Figures 13 and 14.

g 3142+ — Without the high-pass filter i
§ — With the high-pass filter
2 313.8 —_ With the high-pass filter/parameters optimized-
o]
=
S 3134 |
&
s
= 313r1 .
2
<3126 — - - - -

2 2.2 24 2.6 2.8 3

Time(s)

Figure 13. The simulation result of VSG angular frequency with the asynchronous motor load.
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Figure 14. The simulation result of SG angular frequency with the asynchronous motor load.

Figure 13 shows the simulation result of VSG angular frequency in three cases. It can
be seen in Figure 13 that the VSG angular frequency increases first during the transient
process, while the frequency of conventional VSG control without the high-pass filter
decreases directly due to the droop characteristic. Thus, it can be found that the VSG
control strategy based on the high-pass filter is an active frequency support strategy.

The simulation result of SG angular frequency with the asynchronous motor load
is shown in Figure 14. The frequency curves in the three cases depict that the proposed
method with the optimized high-pass filter is superior to the other methods, and the
proposed method has lower frequency deviation and smaller frequency oscillation. The
simulation results show the effectiveness of the proposed control strategy and the PSO
algorithm once again.

4.3. Comparison with Other Control Method

To show the superiority of the active grid frequency support strategy, the method of
increasing virtual inertia J in [21] and bang-bang-control in [22] are compared, and these
two approaches are the typical frequency improvement scheme of VSG. The comparative
performances of different methods are displayed in Figures 15 and 16, respectively.

Original VSG method
— Increase J
— Bang-bang control
Proposed method

W w
[ ot
w
It —_ h
(V)] N W

313 ¢

Angular Frequency(rad/s)

W
—_
[\S)
W
T
1

2 2.2 24 2.6 2.8 3
Time(s)

Figure 15. The simulation result of VSG angular frequency with three methods.
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Figure 16. The simulation result of SG angular frequency with three methods.

According to the VSG angular frequency of Figure 15, it can be seen clearly that the
VSG angular frequency increases first when the load increases, which is quite different from
the other two methods. Therefore, it can be proved that the active support characteristics
can only be implemented by the proposed method.

Figure 16 shows the comparison of SG angular frequency. It can be observed that these
three methods can improve frequency response effectively. A better frequency performance
can be obtained by bang-bang control compared with the method of increasing J. When the
proposed approach, i.e., active frequency support strategy is employed, the enhancement
effect on SG angular frequency is more obvious, and the simulation results show the
superiority of the proposed method.

4.4. Hardware in the Loop Experimental Test

To further verify the active grid frequency support strategy, a HIL experimental
platform is established, as shown in Figure 17. The experimental platform consists of HIL
real-time simulator and rapid control prototyping (RCP), host computer, and oscilloscope.
The HIL has CPU and FPGA resources for real-time calculations, which simulates the
VSG-SG coupling system. Meanwhile, the VSG control strategy is implemented in RCP.
Here the HIL simulator and RCP are connected to exchange voltage signals, current signals,
and PWM signals through the physical IO interface. The experimental parameters are
consistent with the simulation, and the disturbance is simulated by switching the load.

Osci lloco pe

e o

Host PC

Control part = )
—— g1-ggl D WM signals | Main circuit
Voltage signalg QD

H>  Voltage& gurrentsignalq T I
control [P| current loop <« = =

Loabe

Figure 17. Photograph of the semi-physical experimental platform.

Figure 18 shows the waveform of the SG angular frequency. From Figure 18a,b, it can
be observed that the system with conventional VSG control will endure a larger frequency
deviation, where the overshoot is 0.5432 rad/s. In the proposed method, the overshoot is
reduced to 0.471 rad/s. Compared with the original parameters of the high-pass filter, the
frequency deviation, which is less than 25.9%, has a significant improvement as Figure 18c.
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(b) (©)
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Figure 18. SG angular frequency waveform: (a) without the high-pass filter; (b) with the high-pass filter; (c) with the
high-pass filter (parameters optimized).

Figure 19 shows the waveform of the output active power. As shown in Figure 19c¢, the
proposed strategy with the optimized parameter can provide more active power support
compared to the cases with and without the proposed control shown in Figure 19a,b,
respectively. Thus, the frequency deviation and oscillation are significantly reduced. It
is concluded that the active grid frequency support strategy can effectively improve the
system frequency response characteristics. Meanwhile, these experimental results are in
good accordance with the simulation results.
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- ¥
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[ .
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Figure 19. Cont.
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Figure 19. Output active power waveform: (a) without the high-pass filter; (b) with the high-pass
filter; (c) with the high-pass filter (parameters optimized).

5. Conclusions

For breaking the limitation of the virtual synchronous generator to support the grid
frequency, an active grid frequency support strategy for the VSG-SG coupling system
is proposed in this paper. In this method, a high-pass filter is applied to extract the
load disturbance component, which is superimposed to the active power loop of the
VSG, and then the extra power support for SG can be provided. The effectiveness of
the proposed method is verified by the simulations in MATLAB/SIMULINK and HIL
experimental tests. Compared to the traditional VSG, the grid-connected inverter with
the proposed method can provide additional active power support, which alleviates
the power imbalance of SG greatly, and the proposed method thereby presents a better
frequency regulation performance under the disturbance. The frequency deviation and
the slope of grid frequency are both decreased with the active grid frequency support
strategy. Meanwhile, the Ho, and H, norms are used to quantitatively describe the impact
of the proposed method on the frequency response. Combined with the particle swarm
optimization algorithm, the optimal parameters of the high-pass filter are obtained, and the
performance of the proposed active grid frequency support strategy is further improved.
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Appendix A
The coefficients ay’-a4’, by'-bs’ are expressed by the following equations

aﬁ; = ]1KlsbaseT2Tjwn + ]1K25haseT2Tjwn
11/3 = SbaseTZTjkpl (Kl + KZ) +1 SbaseTjwn (Kl + KZ) + Dy SbaseTZTjwn(Kl + KZ)
a’2 = ShaseTjkpl (K1 +Kp) + Dlsbangjwn (K1 +Kp) + ]1Shas€kp2wn (K1 + K3)
+]1K1K2Twn2 + KlKZSbaseTZTj (A1)
ay = 1K1 Kown? + K1 K2 Spase Tj + K1 Spasekpikpz + Ko Spasek pikpa
+D1Spasekppwn (Ky + Kp) + K1 Ky Thyywy + D1 K1 Ky Towy,?
a6 = DlKlea)nz + Klekplwn + KlKZSbusekp2
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by = — 1Ky Thwy?
by = —J1Kywn? — D1Ka Towy® — Ko Tokp1wy

by = —Kokyiwy — D1Kow,? — K1Kp Towy, (A2)
b6 = —K1K2(,dn
where Ky = FE1Viee s 51, Ky = % cos &7

The coefficients ag—a4, bg—b3 are expressed by the following equations

as = hKShaseTTZTjwn (K1 +K3)

ay = KSp TTaTikp1 (K1 + K2) + J1KSpse T Tjwn (K1 + K2)
+]1KshaseT2Tjwn (K1 +Kz) + DlKSbaseTTZTjwn (K1 +Kz) — ]1K1K25baseTT2Tjwn

as = KsbaseTTjkpl(Kl + KZ) + KSbaseTZTjkpl (Kl + KZ) + ]1KK1K2TT2Wn2
+]1KsbuseTjwn (K1 +Kp) + KKlKZSbaseTTZTj + DlKShaseTTjwn (K1 + K3)
+D1K5baseT2Tjwn(K1 + KZ) + ]1KsbaseTkp2wn (Kl + KZ)
—J1K1K2Spgse T Tjwon — D1K1K2Spase TTo Tjewn

az = KsbaseTjkpl (K1 + Kz) + DlKShaseTjwn (K1 + Kp) + KK1K2TT2kp1Wn
+K5baseTkp1kp2 (Kl + KZ) + hKSbasekprn (Kl + KZ) + DlKKlKZTTZWn2
+J1KK1 Ky (T + Tz) 4+ KK1K2Spse Tj (T + Tp) — D1 K1 Ko Spase TTjwn

DlKSbaseTkpZWn (Kl + KZ) - ]1K1K25buseTkp2wn

a1 = KSpasekpikyo (K1 + Ka) + J1KK; Kywy? + KK Ko Spaee T
+KK1KZSbaseTkp2 + DlKSbasekpZ(Un(Kl +Ka) + KKlKkalwn(T + Tz)
+D1KK 1 Kowy?(T + Tp) — D1K1 Ko Spgse Tkpown

a9 = D1KK 1 Kywy,? + KK Kok 1wy 4 KKq Ko Spasek o

(A3)
by = — 1 KK TThw,?
b3 = WK K TTow,? — J1KKywy? (T, 4+ T) — KKy TTokpywy, — D1 KK TThw,?
by = J1KiKTw,? — KKokyywu (Tp + T) — D1KKpw,,* (T + T) (Ad)

— KK Ky TThwy — [1KKpwy? 4+ D1 K Ko TThrw,,
by = D1Ki Ky Twy? — KKpkyywy — KKy Kowy (To + T) — D1 KKwy,?
b() = —KKlewn
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