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PUBLIC SUMMARY

= Proposes controlling inverter air conditioners (IACs) as virtual synchronous generators (VSGs) to enhance power
system frequency stability.

m A control scheme that ensures IACs provide inertia and damping while maintaining comfortable temperature limits.

= A dynamic evaluation method and flexible parameter configuration for IAC-VSG controllers, validated by numerical
studies.
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The increasing penetration of renewable energies is decreasing modern
power systems' inertia and damping rapidly, which threatens the safe and
stable operation of the power system. Considering inverter air conditioners
(IACs) account for more than 30% of the total power consumption and have
huge regulation potential, this paper proposes to control IACs as virtual
synchronous generators (VSGs), named IAC-VSG resources, to provide
additional inertia and damping for frequency stability enhancement.A
simple but widely adaptable control scheme for general IACs supporting
frequency response is developed by modifying the active power reference.
The modified IACs can not only provide inertia and damping as VSGs do,
but also remain user-friendly by maintaining comfortable temperature
limits in the control model. To quantify the dynamic performance of the
power system after integrating IAC-VSGs, a dynamic evaluation method is
proposed via the closed-loop transfer function in the complex frequency
domain, including the resonant frequency, peak value, and 2-norm.On this
basis, a parameter configuration method for IAC-VSG controllers is
designed to flexibly adjust the equivalent inertia and damping ratios
according to different power system requirements. Finally, numerical stud-
ies verify the effectiveness of the proposed methods.

INTRODUCTION

Renewable energies (RENs), such as photovoltaics and wind power gener-
ation, are increasing rapidly in modern power systems to reduce carbon
emissions." Meanwhile, the phasing-out of traditional synchronous genera-
tors (SGs) is accelerating the change of the power system from SGs-domi-
nated to RENs-dominated.” Traditional SGs (e.g., thermal power generators)
have large rotating mass and are the main contributors of the system inertia
and damping nowadays, which determine the system'’s disturbance rejection
ability.” By contrast, RENs are generally interfaced with the power system via
power electronics, which have very small or no rotating mass. Therefore, the
system equivalent inertia and damping are decreasing along with the
replacement of SGs by RENs, which threatens the safe and stable operation
of the power system.”

The progressed Internet of Things makes it possible to control flexible
loads on the demand side to provide regulation services for the power
system.” Among different kinds of flexible loads, air conditioners (ACs) are
important and have huge regulation potentials,” because they account for a
large proportion of the total loads (e.g., more than 60% in many cities around
the world).” Furthermore, the indoor temperature can be guaranteed in
comfortable ranges during the regulation process by utilizing buildings' ther-
mal storage characteristics.” Therefore, ACs are suitable to provide regula-

tion services for the power system.'” Lu'' proposes a temperature-priority-
list method to control air conditioners (ACs), in which the ACs' regulation
potential is evaluated and proven to be compatible with the power system's
dispatch requirements. Chen et al.'” developed a reinforcement learning
method to control ACs for providing regulation services, ensuring that the
required indoor temperature is always maintained. Compared with regular
fixed-speed ACs that only operate in on/off states, inverter air conditioners
(IACs) can adjust their operating power continuously from zero to the rated
value."” Hence, IACs offer more flexibility to provide regulation services for the
power system.'* Furthermore, the number of installed IACs has surpassed
the number of regular fixed-speed ACs in many countries around the world,®
highlighting their larger regulation potential and increasing attention to them.
Song et al."® propose a multi-time-scale coordinated control and scheduling
strategy for IACs to compensate for tie-line power flow deviations caused by
wind generation. This demonstrates that the power consumption of IACs can
be smoothly regulated. Zhang et al.'” develop a plug-and-play learning
framework to automatically identify the building's thermal model and control
the IACs in commercial buildings for providing cost-effective regulation
services. Kim et al."® propose a direct load control method to regulate IACs
every four seconds, verifying that IACs can be flexibly controlled in multiple
time scales. In addition, some incentive methods'® and optimal bidding
methods™ have been studied to reduce IACs' energy costs and increase
regulation benefits. IACs are modeled and controlled to provide frequency
regulation services for the power system, where communication latency is
also considered.”’ Although these studies demonstrate that IACs are good
regulation resources, to the best of our knowledge, no research has been
done to control IACs to emulate traditional synchronous generators (SGs)
properties to improve system equivalent inertia and damping. This is referred
to as IAC-based virtual synchronous generators (IAC-VSGs).”” This research
gap is the focus of this paper: developing the model and control methods of
IAC-VSGs to enhance RENs-dominated power system stability.”* However,
compared with the inertia and damping provided by traditional SGs,”* the
effects of IAC-VSGs on the power system's dynamic performance are
complex to evaluate. This also increases the modeling and control difficul-
ties of IAC-VSGs. For example, in traditional SGs-dominated power systems,
the system's dynamic performance is generally evaluated by the system
inertia H,”° which can be calculated through the weighted average of all the
online SGs as follows:

H-S=YH-S, (1)

Jed

The total capacity of the SGs within the power system is denoted as S.
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Symbols H¢ and S¢ represent the inertia ratio and the rated capacity of the j-
th SG, respectively, which can be obtained by the system operator.”® There-
fore, the system equivalent inertia H can be accurately evaluated by monitor-
ing the online number of SGs.”’ By contrast, the equivalent inertia of one IAC-
VSG is not a fixed value. Instead, it is time-varying and nonlinear with respect
to the IACs' operation states,” including dynamic indoor temperatures, ambi-
ent temperatures, user-defined comfortable temperature settings, and the
thermal characteristics of buildings.”” Furthermore, the online number of IAC-
VSGs is also uncertain, which implies that the system equivalent inertia
considering IAC-VSGs cannot be evaluated using the method in Equation (1).

Faced with the above issues, this paper aims to explore the substantial
regulation potential of inverter air conditioners (IACs) in improving the
dynamic performance of renewable energy—dominated power systems. First,
the thermal and electrical models of IACs are transformed from the time
domain into the complex frequency domain. Then, the equivalent model of
IAC-VSGs and the closed-loop transfer function model of the novel power
system incorporating IAC-VSGs are derived. On this basis, an evaluation
method in the complex frequency domain is proposed to quantify the system'’
s dynamic performance, including the resonant frequency, the resonant peak
value, and the H,-norm.* The main contributions of this study are as follows:

1. We derive a modification method for IACs based on the existing IAC
control framework. By adding a PD controller to adjust the active power
reference within comfortable temperature range, the modified IAC model is
derived to be equivalent as VSGs to improve system inertia and damping
ratios for frequency stability enhancement.

2. We develop the closed-loop transfer function of the novel system model
with IAC-VSGs in the complex frequency domain. On this basis, we also
propose an evaluation method about the dynamic performance to quantify
the power system rejection ability on disturbances considering IAC-VSGs,
including the resonant frequency, the peak value, and 2-norm.

3. We design a configuration method for the control parameters of IAC-
VSGs to achieve a flexible adjustment of the equivalent inertia and damping
subject to power system requests. The method can effectively restore the
system rejection ability on stochastic disturbances.

MATERIALS AND METHODS
Equivalent modelling and control of IAC as VSG

Modelling of IAC. The thermal model of a room installed with an IAC can
be developed as follows:'”

C, de/(t) — Qo(t)fer(t)

dt R

—Q(t), Viel, 2)
where | is the set of rooms and corresponding IACs; C; and R; are the ther-
mal capacity and resistance of the room, respectively; g,(t) and 6,(t) are the
real-time indoor temperature and ambient temperature, respectively; Q(t) is
the cooling capacity, which can be calculated by IAC's coefficient of perfor-
mance and its operating power P,(t):

Q(t) =nP,(t),Viel, (3)

For illustrating the thermal dynamic process more clearly, we transfer the
Equations (2)-(3) from the time domain to complex frequency domain via
Laplace Transform, as follows:

]

() =11¢Rs

[6o(s)—Rin:- P,(s)], Viel, 4

where s is the Laplace operator. Equation (4) illustrates that the indoor
temperature 6,(s) deviates with the ambient temperature 6,(s) and the oper-
ating power P,(s). The indoor temperature will be higher with the increase of
the ambient temperature or the decrease of the operating power.

Control of IAC. From the control perspective, the IAC should have the
function of maintaining the indoor temperature 6, in a comfortable range. In
other words, the indoor temperature is required to be regulated by the IAC as
equal to the set temperature 8=t. When the indoor temperature 6, appears
deviations or the set value 8= is adjusted by users, the IAC's operating power
will be adjusted from the initial stable state according to the difference
between 6, and 65, as follows:

AP;(s) =P'4(s)[AB,(s) — AB*(s)], Viel, (5)

where P¥ and ¢(s) are the rated power and the built-in controller of the IAC,
respectively.

In this paper, we want to control IACs as VSGs to enhance the power
system stability. Therefore, apart from the built-in controller ¢(s), another
controller should be designed to regulate the IAC's operating power accord-
ing to the power system's states. Inspired from the control method of wind
turbines and solar photovoltaics as VSG, the method by modifying the active
power reference (MAPR) is adopted here to control IAC-VSG,®" which is
expressed as:

f(t)—f.
f

Tso d(0) P Viel (6)

Pei(t) =P° + Kyso "

P+

where P(t) is the reference value of the IAC's active power for emulating
VSG; P? is the initial active power of the IAC, i.e., the operating power at the
beginning of control; f(t) and f, are the system'’s frequency in real time and
its rated value, respectively; Kss and T.e. are the two control coefficients to
regulate IAC's active power for imitating VSG.

Based on the Equation (6), we can obtain the feedback control of IAC's
operating power based on the power system's frequency signals. The regu-
lation quantity of the IAC's power can be also deduced in complex frequency
domain:

AP(9) =L[P*()—P

= P(Kiss + TuseS)AF(s), Viel, ()

where L indicates the Laplace Transform. Af(s) is the per unit value of the
power system's frequency deviation:

Af(s) = L[(f()—1.) /1] ®)

Combining Equations (5) and (7) can obtain the regulation quantity of the
IAC's active power considering the VSG function:

AP(s) = P4(s)[A6/(s) —A8(s)] )
+P:N(KVSG + TVSGS)Af(S),Vlél,

The Equation (9) means that the IAC's power can be regulated by two
controllers: the built-in controller ¢(s) for adjusting the indoor temperature
and the external controller (Kyss+TyssS) for providing VSG support to the
power system.

Substituting Equation (4) into Equation (9) yields:

($(5)48.(5) — (14CR9)$(s)A8:"(5)

AP(s) =P
(s) j T+CRs+nRP4(s) (10)
+PN(1+CyRyS)(KVSG + TussS)AR(s) viel
" T+CRs+nRP4(s)

The Equation (10) indicates that the IAC's regulation quantity depends on
three changes: the outdoor temperature AB,(s), the user's set temperature
AB*(s), and the system's frequency deviation Af(s). When the ambient
temperature increases (i.e.,A8,(s) > 0) or the set temperature is turned down
by users (e, AB*'(s) < 0), the IAC will increase its power consumption.
Furthermore, the IAC in this paper is also regulated with the system
frequency deviations Af(s). When the system frequency is less than the
rated value (i.e., Af(s) < 0), the IAC will decrease its power consumption. It is
equivalent to increasing the power output from generators to provide regula-
tion services. Considering the short time period of IACs for providing regula-
tion power as VSG (generally within 30s-5min),”® the outdoor temperature
can be regarded as a constant (i.e, A8,(s) = 0). Besides, most of users do
not frequently adjust the set temperature, which is also assumed to be fixed
during the regulation period (i.e., AG8*(s) = 0). Then we can neglect the two
variables AB,(s) and A8*(s) in Equation (10) to get the simplified form of
IAC-VSG's regulation power:

(-l +C,R,S) (K\/gg + TvsGS)Af(S)

~PY
" 1+CRs+nRPY4(s)
= () (Kise + ThseS)Af(s), Viel,

AP (s) an

where y,(s) represents the IAC-VSG model:
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Figure 1. The power system model with traditional generating units, renewable
energies, and IAC-VSGs.

PY(1+-CRs)

“TICAs+nRPeE) <

wi(s) (12)

Comfort limits. The proposed IAC control framework is expected to
provide a frequency support for power systems while maintaining user
comfort. To ensure the user comfort, indoor temperature needs to be main-
tained around the set temperature, expressed as 8*+A8,, where AB, is a
pre-defined value to describe the range of users' comfortable temperature.
As for an IAC operating in the stable state (i.e., the indoor temperature is
maintained to be equal to the set value), the upper and lower bound of the
IAC power considering user comfort can be expressed as follows:

_B,()—6=(t) £ A6,

[ppper/ioner (
, ® R :

Viel. (13)

Modelling of the power system integrated with IAC-VSGs. This subsec-
tion integrates the proposed IAC-VSG into the traditional power system
model, as shown in Figure 1. The system frequency deviation Af is influ-
enced by fluctuating renewable energies P and loads AP, and then regu-
lated by SGs AP°and VSG AP/**. Hence, the system frequency deviation can

be expressed as:

Af(s):ﬁ Y AP (s)+ Y AP (s)= Y AP (s)= Y AP(s) | .

kekC il deD

(14)

where D and H are the damping and inertia ratios of the system, respectively.
Substituting Equation (11) into Equation (14) yields:

1 (Y AP (s)+Y AP (s)— Y. AP(s)],

Af(s) =
D(S)+2H(s)s = kek deD

(15)
where D (s) and H (S) represent the equivalent damping and inertia of the
power system with IAC-VSGs, respectively.

These two equivalent values can be expressed as:

{ D (S) =D+Kiss Yo Wi(S),

H () =H+ ¥, p(s). (16)

Remark 1. Equation (16) proves that the system equivalent damping and
inertia are the summation of the system original dynamic performance (i.e,
damping D and inertia H) and the additional supports from IAC-VSGs. In
other words, the proposed IAC-VSG model and MAPR control method can
effectively enhance the system damping ratio D and inertia H. It is important
for modern power systems with lower inertia due to high penetration of
power electronics-interfaced RENS.

Dynamic performance quantification and parameter configuration meth-
ods for IAC-VSGs

It is proved that the power system's stability can be enhanced by IAC-VSG
in Section Il, while how to configure appropriate control parameters for IAC-
VSGs (i.e., Ky and Tygs) is another problem. To address this issue, the power
system’s dynamic performance with changes of damping D (S) and inertia
ratios H (s) should be quantified first. In this section, we propose a quantita-
tive evaluation method to characterize IAC-VSGs' effects on the system
stability based on the power system's closed-loop transfer function.”” The
configuration method for IAC-VSGs' control parameters is also designed in

OPEN 8ACCESS

this section to make up for the power system's dynamic performance.

Quantification of the system dynamic performance. Here we employ the
power system's closed-loop transfer function to quantify the influence of
damping and inertia ratios on the system'’s dynamic performance. As shown
in Figure 1, the system has two disturbances (i.e, fluctuating RENs and
loads), which can be expressed as:

AP*(s) =) AP (s)— Y APy(s).

kek—

a7

Note that this paper assumes RENs operate in the maximum power point
tracking mode and have no regulation capacities. In this manner, we can
focus on analyzing the regulation effect from the proposed IAC-VSGs.

The regulation power from SGs in Figure T can be expressed as:

AP (s) = —G(s)Af(s),Vie I, (18)
where G,(s) is the transfer function of the j-th SG:"®
(1K 1 1+F°Ts .
Gi(s) = (RTG * ?) T+ (1+7s) (1+7s)" V< (19)

where R® and K¢ are the control coefficients for providing primary and
secondary regulation services, respectively, T?s, T's and T's are time
constants of the speed governor, turbine and reheat process, respectively; F”
is the high pressure turbine section.

Based on Equations (15)-(19), we can obtain the closed-loop transfer
function of the system frequency deviations relating to the disturbances , as
follows:

Af(s) 1

TF(s) = = .

AP(S) D (S)+2H (S)s+X.,G(S) 0

Then we employ Bode plots of the closed-loop transfer function in Equa-
tion (20) to characterize the effects of different damping and inertia ratios on
the system's dynamic performance. Figure 2A shows Bode plots of power
systems with the same damping ratio (i.e, D (s) = 1) while different inertia
ratios (i.e., H(s)=101). By contrast, Figure 2B shows Bode plots of power
systems with the same inertia ratio (i.e, H (S) = 10) while different damping
ratios (i.e, D(s)=10.1). Other parameters are explained in detail in
APPENDIX A. Note that the regulation effect from IAC-VSGsis not consid-
ered in these two figures (i.e, D (s) =D, and H (s) =H).

The results in Figure 2A illustrate that the resonant frequency f* and
corresponding resonant peak value p* increase with the decrease of inertia
ratio H. For example, the resonant frequency and peak value in the first
scenario (H = 10) are 0.43Hz and -17.39dB, while they are enlarged to 2.67Hz
and -7.95dB in the last scenario (H = 1), respectively. Based on control theo-
ries,” the resonant frequency f= and corresponding peak value p* can char-
acterize the system's disturbance rejection ability on resonant frequency,
which is weakened by the decrease of inertia ratio H. By contrast, Figure 2B
indicates that only the resonant peak value p® gets increased with the
decrease of damping ratio D, while the resonant frequency f*remains
unchanged. Therefore, we can get the following monotonic increasing rela-
tion functions:

{ fee=f(H (),
P =g(H (s),D(s))-

Remark 2. The resonant frequency of the system's closed-loop transfer
function (i.e., &) depends on the inertia ratio H (S) while it is independent of
the damping ratio D (S). The resonant peak value (i.e,,

p=) Is related to both the inertia ratio H (S) and the damping ratio D (S).
Therefore, if we want to restore the power system'’s disturbance rejection
ability on resonant frequency to the required value, the inertia ratio H (S) can
be regulated first to restore the system resonant frequency f*. Then the
damping ratio D (S) can be regulated to restore the system resonant peak
value pr.

Apart from the above two indexes f and p* to quantify the system's
disturbance rejection ability on resonant frequency, we employ the H, norm
to characterize the system's disturbance rejection ability on the full-band.
The H, norm is defined as the root-mean-square of the power system's

(n)
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Figure 3. The 2-norm of the system's closed-loop transfer function with different
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impulse response, and can be calculated as:

TRl = o | TG TR, )
where tr[A] and A" represent the trace and conjugate transpose of matrix A,
respectively. Figure 3 shows the H, norm values of the system's closed-loop
transfer function with different damping and inertia ratios. It can be seen that
the H, norm will be smaller with the increase of damping and inertia ratios.
Therefore, the power system with smaller H, norm has stronger disturbance
rejection ability on the full-band. Besides, Figure 3 illustrates that damping
and inertia ratios are interchangeable to some degree for decreasing H, norm
and enhancing the power system's stability. However, compared with damp-
ing ratio, the H, norm drops faster with the change of inertia in Figure 3. It
means that the inertia can play a greater value to increase the system's
disturbance rejection ability on the full-band. Based on the above analysis,
we can get the following monotonic decreasing relation function:

H:=h(H (s),D (s)).

Remark 3. The H, norm depends on the system's inertia ratio H (s) and
damping ratio D (S), which is monotonically decreasing with both H (s) and
D (s). Therefore, if we want to restore the power system's disturbance rejec-
tion ability on the full-band, the inertia and damping ratios can be both regu-
lated to achieve the stability requirement.

(23)

To sum up, this subsection proposes the resonant frequency f, resonant
peak value p=, and H, norm to quantify the system's dynamic performance,
i.e., the system's disturbance rejection ability on resonant and full-band
frequencies. The control objective of IAC-VSGs is to assist the RENs-domi-
nated power system to restore these quantitative indexes by configuring the
control parameters K, and Tg.

Configuration of IAC-VSG Control Parameters. Two typical power
systems with insufficient inertia and damping ratios are analyzed in
Figure 4A and Figure 4B, respectively. Assuming the original power system's
inertia and damping ratios are 10 and 1, respectively. The inertia ratio
decreases to 6 in Figure 4A, and the damping ratio decreases to 0.6 in
Fig. 4B. Other parameters of the power system are explained in detail in
APPENDIX A. The parameters of IAC-VSGs are shown in APPENDIX B.

Figure 4A illustrates that the Bode curve moves from the dotted line to the
dash-dotted line when the inertia ratio decreases from 10 to 1. However, it
can be pulled back by increasing the control parameter T, of IAC-VSGs, i.e,,
the red line coincides with the original black dotted line. The resonant
frequency f* and resonant peak value p* are also decreased back to the
original values. Besides, f* and p* keep decreasing with the increase of T,
and can even exceed the original values (e.g., the green curve). It means that
the power system's disturbance rejection ability on resonant frequency can
not only be restored, but also be adjusted flexibly to meet the system'’s differ-
ent requirements by configuring the control parameter T..

Figure 4B illustrate that the increased resonant peak value p caused by
smaller damping ratio can be pulled back by IAC-VSGs, i.e., the red line coin-
cides with the original black dotted line. The H, norm is also restored from
0.0649 in the second scenario (D = 0.6, without IAC-VSGs) to 0.0631 in the
fifth scenario (D = 0.6, with IAC-VSGs, K., = 50). It is equal to the original H,
norm in the first scenario ( D = 1, without VSG). Besides, we can see that the
resonant frequency remains unchanged in different values of the parameter .
Therefore, Figure 4A and Figure 4B verify the relation functions in Equations
(21) and (23). It proves that IAC-VSGs can restore the system's dynamic
performance on rejecting different kinds of disturbances. As for a realistic
power system with changeable inertia and damping ratios in different opera-
tion periods, the dynamic performance should be maintained by configuring
the two control parameters (i.e., Ky and T,g) at the same time. Based on
the Equation (21), we know that the system's resonant frequency only
depends on the inertia. Therefore, can be designed first to restore the devi-
ated resonant frequency f*. From Equations (16) and (21), T.s, can be
expressed as the inverse function of f:

Energy Use 1(1): 100009, September 26, 2025 5
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T\/se =f" (fws)- (24)

Based on the designed value of T, the other control parameter K¢, can
then be configured to restore the H, norm for recovering the system's distur-
bance rejection ability on the full-band. From Equations (16) and (23), Kyss
can be expressed as the inverse function of H,norm and Tg:

Kyse :hiw(H27Tvss)~ (25)

In this manner, the two control parameters for IAC-VSGs can be set to
restore the two disturbance rejection abilities on resonant and full-band
frequency. The configuration process for IAC-VSG is shown as:

01 Initialization: Based on the power system's parameters, calculate the
initial resonant frequency f<, resonant peak value p, and H, norm to quan-
tify the system'’s dynamic performance. These indexes are regarded as the
system's required disturbance rejection ability. Assuming the initial number
of SGsis Jj.

02Fort=0:1:Tdo

03 Monitor the online number of SGs J, because some SGs may be shut
down in some dispatch periods with the fluctuating power output of RERs.

04 If Jr< Jythen

05 Detect the online adjustable IACs, and calculate the thermalelectrical
model y,(s) based on Equation (12).

06 Configure the control parameter T, for IAC-VSGs to restore the
system's disturbance rejection ability on resonant frequency based on Equa-
tions (11)-(21), (24).

07 Configure the control parameter K, for IAC-VSG to restore the system'
s disturbance rejection ability on the full

band based on Equations (11)-(20), (22)-(25).

08 Else

09 Configure the control parameters as , T,s = K, = 0and do not need
IACs to provide regulation services.

10 End if

11 Terminal controllers of IAC-VSGs receive the control parameters T,
and K¢, from the dispatcher.

12 Terminal controllers monitor the power system's frequency deviation
Af inreal time.

131f Af>Af" then

14 Terminal controllers regulate IAC-VSGs to provide regulation services
for the power system based on the Equation (11).

15 End if

16 End for

RESULTS
Numerical studies

Test System. The total installed capacity of the power system is 8,000MW
with 10 reheat steam SGs, whose parameters are shown in detail in
APPENDIX A. The rated frequency of the power system is 50Hz. The param-
eters of the adjustable IACs are based on the Chinese National Standards
and some realistic test data, as shown in APPENDIX B. The total operating
power of IACs accounts for around 7% of the power system's capacity. The
threshold of system frequency deviation f* for regulating

IAC is set as 0.05Hz. Besides, to compare the traditional SGs-dominated
power system and the high-penetration RENs-dominated power system, the
installed RENs are assumed to account for 40% of the total installed
capacity.” Based on the above parameters, assuming 5% load power is
added abruptly to the power system. Then we can analyze the system's
dynamic performance and frequency deviations. The models and methods
are formulated in MATLAB R2019b on a computer with Intel(R) Core (TM) i7-
9700 CPU, clocking at 3.00GHz and 16.0GB RAM.

Result Analysis on the System Dynamic Performance. Figure 5 shows
the system frequency deviations to analyze different power systems'
dynamic performance under the same load disturbance in time domain.
Figure 5A & B illustrate that the maximum frequency deviation (i.e., frequency
nadir =) drops to a lower value with the decrease of inertia H and damping
D. For example, as shown in Figure 5A and Table S1, f=@r decreases from
-0.234Hz to -0.545Hz when H decreases from 10 to 1. As shown in
Figure 5B and Table ST, f=ér decreases from -0.134Hz to -0.252Hz when D
decreases from 10 to 0.1. It indicates that the system's dynamic perfor-
mance is weakened due to the decrease of inertia H and damping D.
However, H and D have different effects on the fall time At™" (i.e., the period
from the beginning of frequency deviations to the frequency nadir). In
Figure 5A, the fall ime At™" becomes shorter with the decrease of H, which
is 3.64s in H=10 scenario and shortened to 0.74s in H=1 scenario. Therefore,
the rate of change of frequency (RoCoF) becomes steeper with the decrease
of H, as shown in Table S1. It is harmful for the power system to deal with
contingencies. More seriously, the system frequency even appears oscilla-
tions in H=1 scenario, which indicates the power system becomes more
volatile. By contrast, in Figure 5B, the At™ becomes longer with the
decrease of D, which is 2.65s in D=10 scenario and extended to 3.79s in
D=0.1 scenario. This means that a smaller D can only reduce the frequency
nadir A, while almost has no impact on the RoCoF, as shown in Table ST.
Hence, compared with the decrease of inertia, the diminished damping ratio
reserves longer time for the power system to deal with disturbances.
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Figure 5. System frequency deviations under load disturbances (A) Power systems with the same damping ratio D =1while different inertia H=10~1. (B) Power systems with
the same inertia H=1 while different damping ratios D=10~0.1. (C) Configuration of IAC-VSGs in power systems with the same damping ratio D=1 while decrescent inertia H=6
(d) Configuration of IAC-VSGs in power systems with the same inertia H=10 while decrescent damping ratio D=0.6.

To compensate for the system's dynamic performance in Figure 5A & B,
IAC-VSGs are controlled in Figure 5C & D to increase the system equivalent
inertia and damping ratios. Figure 5C illustrates that the Af™" can be
restored to the original value -0.234Hz by configuring the IAC-VSG's control
parameter T,s. Besides, the RoCoF can also be slowed down by increasing
the equivalent inertia, which makes up for the fast frequency drop caused by
diminishedH. Figure 5D illustrates the Af* can be restored by configuring
the IAC-VSG's control parameter Ky, where the RoCoF keeps almost
unchanged.

To sum up, the decrease of inertia and damping ratios can weaken the
system's dynamic performance, while it can be compensated by IAC-VSGs
to increase the Af™" and alleviate the ROCoF.

Result analysis on the power system regulation with smaller inertia and
damping ratios. As for a realistic power system, the inertia and damping
ratios probably change at the same time. In this condition, the two control
parameters T, and Kis of the IAC-VSGs can be configured based on the
proposed method in Table I. The process is shown in Figure 6, where Hand D
decrease from 10 and 1 to 6 and 0.6, respectively. It causes the Bode plot
moves from the original black curve to the cyan curve. Then, for restoring the
disturbance rejection ability on resonant frequency, T.s is configured to
move the Bode plot from the cyan curve to the blue curve. Next, for restoring
the disturbance rejection ability on the full-band, K. is configured to move
the Bode plot from the blue curve to the red curve. Based on the two param-
eters 1000 and 50, the frequency deviations under the load disturbance are
shown in Figure 7A, where the frequency nadir is restored and the RoCoF is
retarded.

Considering the two control parameters T,s; and K are both for regulat-

ing the operating power of IAC-VSGs, T, and K, can potentially be
adjusted interchangeably. For analyzing this issue, Figure 7 also illustrates
another scenario (i.e, T,,,= 200 and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>