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Abstract—The increasing penetration of renewable energy re-
sources facilitates the carbon footprint reduction process yet re-
duces the power system inertia. As a result, the grid frequency
and the rate of change of frequency (RoCoF) might probably go
beyond the normal range, resulting in unexpected load shedding,
generator tripping, and even frequency instability. To address this
problem, grid-connected inverters are designed to participate in
frequency regulation and provide the equivalent inertial support.
Nevertheless, the inertia emulation effect is affected by the inverter
synchronization dynamic and high RoCoF events may occur as the
result of poor synchronization dynamics. In view of this limitation,
a synthetic inertia control is developed in this article considering
the synchronization dynamics. The synthetic inertia principles and
control design guideline are explicitly provided. Finally, hardware
experimental results of a scaled-down power system prototype are
provided to validate the effectiveness of the proposed approach.

Index Terms—DC–AC inverter, inertia emulation, rate of change
of frequency, synchronization.

I. INTRODUCTION

A S THE necessary mean of carbon footprint reduction,
conventional synchronous generators have been gradu-

ally replaced by renewable energy resources (RESs), including
photovoltaic, and wind turbines. The grid integration of RES is
achieved through grid-connected inverters (GCIs), which nor-
mally do not process the inertia property and, therefore, reduce
the power system inertia. As a consequence, the grid frequency
and the rate of change of frequency (RoCoF) may exceed the
normal operation range, resulting in generator tripping, load
shedding, and even system blackouts [1], [2]. One recent the
2016 Australia blackout, which affected millions of people and
caused a great economic loss. The lack of inertia is believed to
be one of the reasons behind this accident [3]. Hence, there is
an urgent demand to increase the power system inertia, limit the
RoCoF, and ensure the power grid normal operation.
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To achieve this objective, the concepts of virtual synchronous
machines and virtual synchronous generators are invented [4]–
[7]. These approaches enable dc–ac inverters to emulate the
swing equation of a synchronous generator and provide the
equivalent inertia support. It is also found that frequency-droop
control can achieve a similar function as long as a first-order
low-pass filter is incorporated into the active power control loop
[8], [9]. Based on these findings, GCIs can actively contribute
to the increase of system inertia. The detailed implementations
are well demonstrated in the existing literature [10]–[21].

However, the virtual synchronous generator control as well as
frequency droop control would need an energy storage system,
e.g., battery, to continuously provide active power in response
to a grid frequency deviation. As a result, additional costs, state
of charge balancing, and maintenance issues would arise. Since
the emulation of inertia only requires temporary active power
support, it is possible to achieve this target without large energy
storage systems. In [22] and [23], a wind power generation sys-
tem is controlled to provide the inertia support through releasing
the mechanical energy stored in the turbine. However, the speed
of turbines should be recovered and this process would influence
the inertia emulation effect. In [24] and [25], a dc–ac inverter is
connected in series with the noncritical load and virtual inertia
is achieved by varying the noncritical load voltage. Despite the
effectiveness, extra hardware costs related to the installation of
inverter becomes another concern.

From an economic perspective, it is highly expected that in-
ertia support is provided from the existing devices and elements
in the power system. Accordingly, the dc capacitors, which are
ubiquitously installed in various power-electronics applications,
become the promising candidate. In [26], the mapping between
dc capacitor voltage and rotor angular speed is formed. Based
on that, the inertia support can be provided by proportionally
linking the dc capacitor voltage with the power grid frequency
[27]. Although the contribution of a single capacitor is limited,
the aggregation of all the dc capacitors in a power-electronics-
based power system will make a great difference. This concept
has been successfully implemented for the modular multilevel
converter [28], dc microgrids [29], hybrid ac–dc microgrids
[30], and voltage source converter-high voltage direct current
(VSC-HVdc) transmission systems [31].

To properly regulate the dc capacitor voltage and synthesize
the virtual inertia, various control strategies have been proposed.
In [26]–[35], the GCI operates under the current control mode
(CCM) and a phase-locked loop (PLL) is utilized for the phase
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synchronization and grid frequency measurement. Based on the
obtained frequency, the dc voltage reference is determined and
maintained by the dc-link voltage controller. Nevertheless, the
measured frequency differs from the real grid frequency during
the transient. To effectively suppress the RoCoF value at the
beginning of a frequency event, the bandwidths of dc voltage
controller and PLL should be designed sufficiently high. Yet,
the increase of PLL bandwidth will cause stability issues [36].
Moreover, the interactions among different control loops also
complicate the analysis and bring a detrimental impact to system
stability when the virtual inertia control is performed [37], [38].
As a consequence, additional efforts must be paid to enhance
system stability.

An alternative method is to operate the GCI under the voltage
control mode (VCM). The basic principle is to generate the
GCI frequency reference based on the dc-link voltage. In [39]
and [40], the enhanced virtual synchronous machine scheme is
developed and the GCI dynamics are well guaranteed through
the feedback of grid voltage. Nevertheless, it is difficult to
measure the real-time grid voltage if the feeder is long. In com-
parison, only local measurements are required for the virtual syn-
chronous control [41], the virtual synchronous machine based
interface [42], and the matching control [43]. These control
strategies successfully make the converter behave like a virtual
synchronous machine. As a result, the RoCoF of converter can
be improved. However, the RoCoF of power grid is different
from the RoCoF of converter during the transient stage. In this
sense, the emulated inertia may not necessarily contribute to the
grid RoCoF reduction as expected.

Although the inertia emulation principle has been extensively
discussed, the impact of GCI synchronization dynamics on the
inertia emulation effect was not comprehensively studied. It is
this impact that makes the synthetic inertia differ from physical
inertia. Moreover, the power system inertial response may even
deteriorate if the inertia-emulating GCI is characterized by poor
synchronization dynamics. To address this limitation, this article
develops a synthetic inertia control that can achieve the desired
synchronization dynamics. Consequently, the synthetic inertia
of the GCI is in close proximity to physical inertia such that
the instant RoCoF value of a frequency event can be effectively
reduced. In addition, a step-by-step control parameter design
guideline is explicitly provided, which avoids the complications
caused by the conventional eigenvalue-analysis approach.

The rest of this article will be organized as follows. Section II
discusses the inertia emulation principle and the impacts of GCI
synchronization dynamics. Section III introduces the proposed
synthetic inertia control and the construction of its architecture.
A step-by-step control parameter design guideline is explicitly
presented in Section IV. Hardware experimental results of a
scaled-down power system prototype are shown in Section V
for validation. Finally, Section VI concludes this article.

II. INERTIA EMULATION PRINCIPLE

Fig. 1 depicts the schematic diagram of GCI, where vdc is the
dc-link voltage vi is the GCI output voltage, and vg is the grid
voltage. The power system is represented by the synchronous

Fig. 1. Analogy between dc capacitors and the synchronous generator.

machine (SM), whose angular speed and the moment of inertia
are respectively denoted by ωg and J. The mechanical energy of
the SM rotor is expressed by

EM =
1

2
Jω2

g . (1)

Similarly, the electrical energy stored in dc-link capacitors
can be expressed as

Ecap =
1

2
Cdcv

2
dc. (2)

To increase power system inertia and suppress the frequency
deviation, a certain amount of active power support is required
during a frequency event. This active power support can either
come from the mechanical energy EM or the electrical energy
Ecap. In the connectional power system, SMs are the dominant
power generation units. In this case, the power system inertia is
mostly determined by the SM rotor. However, the contributions
of dc capacitors will significantly increase in the future power-
electronic-based power system. The reasons are summarized as
follows.

1) As more and more synchronous generators are taken
place by power electronic converters, the aggregation of
multiple dc capacitors would lead to a large Cdc that can
store considerable electrical energy.

2) In normal situations, the rotor angular speed ωg is allowed
to vary within 0.4% of nominal value [1]. In other words,
only a small portion of EM can be utilized to compensate
the power imbalance. In comparison, dc-link voltage vdc
can vary within a wider range, e.g., 10%. As a conse-
quence, the utilization rate of Ecap would be hundreds of
time higher than that of EM.

One crucial step for inertia emulation is to proportionally
link the dc-link voltage vdc with the grid frequency ωg, i.e.,

vdc = vdc0 + k(ωg − ωg0) (3)

where vdc0 is the nominal dc-link voltage andωg0 is the nominal
grid frequency. The proportional gain k is a control-based
parameter that determines the synthetic inertia. Meanwhile,
the value of k also affects the dc-link voltage deviation and
should be carefully designed, as will be discussed in the
following section. The per-unit value of the emulated inertia is
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Fig. 2. Schematic diagram of power system frequency control framework.

mathematically defined as

ΔPi_p.u. = −2Hcap
dωg_p.u.

dt
(4)

where ΔPi_p.u. and ωg_p.u. are the per-unit converter active
power variation and grid frequency, respectively. From (4), it is
clear that

ΔPi

V Abase
= −2Hcap

ωg0
· dωg

dt
(5)

where VAbase is the system base power. According to (3)

dvdc
dt

= k · dωg

dt
. (6)

Meanwhile, ΔPi results in the change of dc-link voltage vdc.
The relationship is given by

ΔPi = −Cdcvdc0 · dvdc
dt

. (7)

From (5) to (7), the term ΔPi can be eliminated and the
emulated inertia Hcap is derived as

Hcap = k
ωg0Cdcvdc0
2V Abase

. (8)

To investigate the impact of synthetic inertia Hcap on the grid
RoCoF, Fig. 2 illustrate the simplified schematic diagram of the
power system frequency regulation framework. Recalling the
synchronous generator swing equation

Pm_p.u. − Pl_p.u. = 2HM · dωg_p.u.

dt
(9)

where Pl_p.u. is the active power consumed by the load and
Pm_p.u. is the mechanical input power of the SM. If there is
a mismatch between Pl_p.u. and Pm_p.u., the RoCoF value
will deviate from zero. If the synthetic inertia control is not
implemented, the transfer function from Pl_p.u. to ωg_p.u. is
given by

ω̂g_p.u.(s)

P̂l_p.u.(s)
=

−1

2HMs
. (10)

Based on the initial value theorem, the initial RoCoF after a
step change ΔPl_p.u. equals

dωg_p.u.

dt

∣∣∣∣
t=0

= lim
s→∞

( −s

2HMs
· s · ΔPl_p.u.

s

)
=

−ΔPl_p.u.

2HM
.

(11)

Fig. 3. Synthetic inertia control block diagrams. (a) GCI under the voltage
control mode. (b) GCI under the current control mode.

When the synthetic inertia control is implemented and T(s) is
ideally designed as the proportional gain k, i.e.,

T (s) =
v̂dc(s)

ω̂g(s)
= k. (12)

The transfer function from Pl_p.u. to ωg_p.u. then becomes

ω̂g_p.u.(s)

P̂l_p.u.(s)
=

−1(
2HM +

ωg0kCdcvdc0

V Abase

)
s
=

−1

2(HM +Hcap)s

(13)
which means the power system inertia is enlarged to HM +Hcap.
Similarly, the inertia RoCoF is reduced to –ΔPl_p.u./2(HM +
Hcap).

This objective is achieved through the proper control of GCI.
Generally, the control strategies can be classified into two types
and the principles are illustrated in Fig. 3.

Fig. 3(a) illustrates the VCM, where ωi is the GCI frequency,
Vi is the GCI voltage magnitude, and vref is the reference voltage.
Based on the value of vdc, a synthetic inertia controller regulates
the GCI frequency ωi. Nevertheless, even if ωi is proportionally
linked with vdc, the objective of (3) cannot be precisely realized.

This is due to the factωi does not equalωg during the transient
stage. In other words, the synchronization dynamics between ωi

and ωg would make the GCI synthetic inertia different from the
physical inertia.

Fig. 3(b) illustrates the CCM, where the GCI is controlled as
a current source. A PLL is utilized to obtain the phase angle and
frequency information. Based on the measured frequency ωi_m,
a synthetic inertia controller regulates the dc-link voltage refer-
ence vdc_ref. Meanwhile, a dc voltage controller is employed to
track vdc_ref and generate the reference current iref. Similarly,
the measured frequency ωi_m does not equal ωg during the
transient stage so that the synchronization dynamics are coupled
with the inertia emulation effect. Moreover, the dynamics of dc
voltage controller introduce an additional delay between vdc_ref
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and vdc. As a result, the inertia emulation effect may be further
affected.

In summary, the actual transfer function T(s) is a frequency-
domain transfer function rather than a proportional gain

T (s) =
v̂dc(s)

ω̂g(s)
�= k. (14)

The superscript ^ represents the perturbation of variables. It
should be mentioned that the poles of T(s) will greatly affect the
inertia emulation effect and RoCoF of a frequency event. When
the dynamic response of T(s) is sluggish, the electrical energy
stored in the dc capacitors cannot be immediately released to
compensate the instantaneous power mismatch. As a result, the
initial RoCoF of a frequency event cannot be reduced. Hence,
it is expected that the dc-link voltage and the synchronization
dynamic performance are fast and stable such that the GCI can
effectively contribute to the power system inertial response.

III. MODELING AND CONTROL ARCHITECTURE DESIGN

To fulfill the inertia emulation expectation, it is necessary to
construct a small-signal model, derive the transfer function T(s),
and eventually select a proper control architecture. In this article,
the VCM shown in Fig. 3(a) is considered, since it avoids the
use of PLL and performs better under weak grid scenarios.

A. Small-Signal Modeling

Without loss of generality, a linear controller GAL (s) is
employed as the inertia controller in Fig. 3(a). The transfer
function of GAL (s) is given by

GAL(s) =
ω̂i(s)

v̂dc(s)
=

a0 + a1s+ a2s
2 + . . .

1 + b1s+ b2s2 + . . .
(15)

where a0, a1, a2 …, b1, b2, … are the constants to be deter-
mined. Equation (15) forms the GCI active power control loop
and provides the reference frequency ωi. Meanwhile, the GCI
voltage magnitude Vi is calculated based on Q–V droop control,
as the convention of most VCMs

Vi = V0 − kq(Qi −Q0) (16)

where kq is the reactive power droop gain, and V0 and Q0 are the
nominal voltage and reactive power, respectively. Suppose that
the GCI voltage leads grid voltage by δ, the active and reactive
power of GCI can be expressed as

Pi =
ViVgω0Lg

2(ω2
0L

2
g +R2

g)
sin δ +

Vi(Vi − Vg cos δ)Rg

2(ω2
0L

2
g +R2

g)
(17)

Qi = − ViVgRg

2(ω2
0L

2
g +R2

g)
sin δ +

Vi(Vi − Vg cos δ)ω0Lg

2(ω2
0L

2
g +R2

g)
. (18)

Based on [44], the linearization of (17) and (18) at the equilib-
rium point is expressed as

{
P̂i(s) = GδP · δ̂(s) +GV P · V̂i(s)

Q̂i(s) = GδQ · δ̂(s) +GV Q · V̂i(s)
(19)

Fig. 4. System small-signal model. (a) Representation. (b) Simplification.

where the coefficients GδP, GVP, GδQ, and GVP equal
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

GδP =
ViVg(cos δ0ω0Lg+sin δ0Rg)

2(ω2
0L

2
g+R2

g)

GV P =
Vg sin δ0ω0Lg+(2Vi−Vg cos δ0)Rg

2(ω2
0L

2
g+R2

g)

GδQ =
ViVg(sin δ0ω0Lg−cos δ0Rg)

2(ω2
0L

2
g+R2

g)

GV Q =
−Vg sin δ0Rg+(2Vi−Vg cos δ0)Xg

2(ω2
0L

2
g+R2

g)
.

(20)

The dc capacitor voltage is determined by

Pin − Pi =
d

dt

(
1

2
Cdcv

2
dc

)
(21)

where Pin is the input power of the dc capacitor. From (21)

P̂in(s)− P̂i(s) = sCdcvdc0 · v̂dc(s). (22)

According to (20) and (22), the system small-signal model is
built and displayed in Fig. 4(a). To derive the transfer function
from ωg(s) to vdc(s), Fig. 4(a) is equivalently transferred into
Fig. 4(b) and the gain Geq equals

Geq = GδP − GδQGV P kq
1 + kqGV Q

. (23)

From Fig. 4(b), it is clear that the transfer function T(s) can
be derived as

T (s) =
v̂dc(s)

ω̂g(s)
=

Geq

Cdcvdc0s2 +GeqGAL(s)
. (24)

B. Reshaping Synchronization Dynamics

In this article, the architecture of GAL (s) is inversely designed
in order to achieve the desired dynamic performance. Recalling
the typical transfer function of a second-order system

φ(s) =
A0

s2 + 2ξωrs+ ω2
r

(25)
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Fig. 5. Block diagram of the active power control loop.

where ξ is the damping ratio and ωr is the resonant frequency.
By comparing (24) with (25), the general architecture of GAL

(s) can be inversely determined as

GAL(s) =
ω̂i(s)

v̂dc(s)
= a0 + a1 · s+ a2 · s2. (26)

Equation (26) includes a proportional term and two differential
terms. Due to noise amplification concerns, differential oper-
ations can hardly be implemented in the digital controller. To
avoid using differential operations, (26) can be alternatively
expressed as

θ̂i(s) =
ω̂i(s)

s
= a0

v̂dc(s)

s
+ a1v̂dc(s) + a2

P̂in(s)− P̂i(s)

Cdcvdc0
.

(27)
The corresponding control block diagram of (27) is displayed

in Fig. 5. An alternative way to approximate (26) is adding two
high-frequency poles in the denominator of GAL(s). The corner
frequency should be well beyond the voltage control bandwidth.
Meanwhile, the corner frequency cannot be set too high due to
the high-frequency noise amplification concern.

IV. CONTROL PARAMETER DESIGN

This section aims to provide an explicit guideline for control
parameters. A step-by-step procedure will be presented, starting
from the outer-loop controller to the inner-loop controller.

A. Design of the Inertia Constant

Taking (26) into (24), the transfer function T(s) is given by

T (s) =
1(

Cdcvdc0

Geq
+ a2

)
s2 + a1 · s+ a0

. (28)

The steady-state gain of T(s) is calculated as

T (s)|s=0 = a−1
0 . (29)

The constant a0, which equals the inverse of constant k in (3),
is determined as

a0 =
1

k
=

Δωg_max

Δvdc_max
(30)

where Δωg_max denotes the maximum grid frequency devia-
tion. The typical value of Δωg_max is 0.4π rad/s. Δvdc˙max

refers to the maximum dc voltage deviation. To avoid overmod-
ulation, it is required that

Δvdc_max < (1−m)vdc0 (31)

Fig. 6. Circuit diagram when additional power sources are coupled to dc link.

where m is the SPWM modulation index. In this case

k <
(1−m)vdc0
Δωg_max

. (32)

Meanwhile, the converter output power reaches a peak value
right after a power system load changeΔPl_p.u. The peak power
can be calculated according to Fig. 2

Pmax = lim
s→∞

(
sPi(s)

Pl_p.u.(s)
· ΔPl_p.u.

s

)

≈ Cdcvdc0kωg0ΔPl_p.u.

2HMV Abase + Cdcvdc0kωg0
. (33)

The selection of the constant a0, i.e., 1/k, should also consider
the power rating of converter and ensure that the converter will
not be overloaded and also the junction temperature limit of the
converter

To achieve the expected synthetic inertia H0, the capacitance
requirement is expressed as

Cdc =
2H0V Abase

kωg0vdc0
. (34)

When H0 is considerable, a large aggregated dc capacitance
is required and the existing dc capacitors in a power grid may
not satisfy this requirement. Fortunately, the additional power
sources coupled to the dc-link can reduce the capacitance need,
as shown in Fig. 6.

For the PV converter, the power reserve control proposed in
[45] and [46] makes it possible to provide the inertia support
from the PV module. The PV output power variation is given by

Ppv(s) = −2V AbaseHpv

ωg0
s · ωg(s) (35)

where Hpv is the per-unit inertia contributed by the PV.
For the battery, the frequency-derivative control proposed in

[47] can achieve the similar function, as shown by

Pb(s) = −2V AbaseHb

ωg0
s · ωg(s) (36)

where Hpv is the per-unit inertia contributed by battery modules.
The dc-link voltage dynamics are reformulated as

Pb(s) + Ppv(s)− Pi(s) = sCdcvdc0 · vdc(s). (37)

Combining (6) and (35)–(37), it can be obtained that

Pi(s) = −2V Abase(Hpv +Hb +Hcap)

ωg0
s · ωg(s). (38)
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Fig. 7. Reduction of the maximum RoCoF with different settling time ts.

Equation (38) indicates that the total equivalent inertia is the
sum of Hpv, Hb, and Hcap. Benefited from this, the requirement
of dc capacitance is reduced as

Cdc =
2(H0 −Hb −Hpv)V Abase

kωg0vdc0
. (39)

Although the proper utilization of renewable energy resources
can reduce the dc capacitance requirement. The corresponding
implementation is not the main focus of this article. Therefore,
the worst case is considered in this article and Hpv = Hb = 0.

B. Design of Settling Time and Damping Ratio

Next, the resonant frequency ωr and damping ratio ξ of (28)
are calculated as

ωr =

(
Geqa0

Cdcvdc0 +Geqa2

)1/2

(40)

ξ =
a1
2

(
Geq

a0Cdcvdc0 + a2a0Geq

)1/2

. (41)

To avoid an undesired oscillation and undershoot, the critical
damping scenario ξ = 1 is pursued. In this case, the settling time
ts when the value of vdc(t) reach and steady within 5% of its final
value can be approximated as

ts =
4.75

ωr
. (42)

The settling time ts plays a crucial role in limiting the initial
RoCoF of a frequency event and should be properly selected to
satisfy the RoCoF relay requirement. In the practical scenario,
the RoCoF relay contains a measuring window whose duration
ranges from 40 ms to 2 s [48]. Notice that the RoCoF relay
with a smaller time window is more sensitive and will identify
a higher RoCoF value during a frequency event. Fig. 7 displays
the reductions of the initial RoCoF with different ts. To consider
the worst situation, the RoCoF relay window length is selected
as 50 ms in this article (the most sensitive one). It should be
mentioned that the initial RoCoF is inversely proportional to the
sum of Hcap and HM [28]. In Fig. 7, the value of HM is fixed and
the increase of Hcap /HM increases the total inertia and decreases
the RoCoF.

Fig. 8. Circuit and control block diagram of GCI.

If the synthetic inertia Hcap is ideally contributed by the GCI,
the initial RoCoF is reduced by 1–HM /(Hcap+HM) as compared
with the situation when power system inertia is only contributed
by HM (mechanical inertia of the SM). When ts is small enough,
the reduction of the initial RoCoF is close to the ideal result
since the dc capacitors of GCI can be quickly charged and
discharged to provide the active power support. Nevertheless,
as ts increases, the initial RoCoF value cannot be reduced even
with the synthetic inertia control. This is because dc capacitors
cannot immediately response to for the compensation.

From Fig. 7, the value of ts is selected as 0.2 s to effectively
limit the initial RoCoF value. (Although ts can be further smaller,
stringent requirements will be imposed on inner-loop controller
design, as will be discussed in the following section). From (40)
and (42), the value of a2 is given by

a2 = a0

( τs
4.75

)2

− Cdcvdc0
Geq

. (43)

Finally, the value of a1 is confirmed as (to pursue ξ = 1)

a1 = 2

(
a0Cdcvdc0 + a2a0Geq

Geq

)1/2

. (44)

It should be mentioned that the knowledge of Geq is required
for the outer-loop parameter design. The value of Rg and Lg can
be easily obtained from the impedance measurement approach
in [49]. Note that the angle difference δ0 is typically less than
5° such that Geq can be approximated by assuming 1≈cos δ0
>>sin δ0.

C. Inner-Loop Voltage Control Design

Previously, the transfer function T(s) is derived and the outer-
loop control parameters are determined. For simplification, the
impact of inner-loop control is not considered. This assumption
holds only if the bandwidth of inner-loop control is much higher
than that of outer-loop control. For example, the value of ωr is
selected as 24 rad/s and the inner-loop bandwidth ωb should be
two decades larger. To fulfill this requirement, Fig. 8 shows the
circuit and control block diagram of inner-loop voltage control.
Gv (s) is the voltage controller, kc is the current regulation gain,
and the system delay Gd (s) equals

Gd(s) = e−1.5sTs (45)

where Ts is the sampling frequency and Gv (s) is given by

Gv(s) =
kp

1 + sτ
+

krs

s2 + ω2
0

(46)

where kp is a proportional gain, τ is the time constant of a low-
pass filter, and kr is the resonant control gain. From Fig. 8, the



QI et al.: SYNTHETIC INERTIA CONTROL OF GRID-CONNECTED INVERTER CONSIDERING THE SYNCHRONIZATION DYNAMICS 1417

Fig. 9. Bode diagram of the designed Tin (s).

TABLE I
SYSTEM PARAMETER VALUES

system open-loop transfer function is derived as

Tin(s) =
Gv(s)kcGd(s)

LfCfs2 + kcGd(s)Cfs+ 1
. (47)

Fig. 9 displays the bode diagram of the designed Tin(s), where
all the parameters are provided in Table I. By properly selecting
kp, the control bandwidth is boosted to 2740 rad/s (436 Hz). In
the meantime, the satisfied phase margin and gain margin can be
realized through the tuning of τ (which neutralizes the influence
of kp in the high-frequency range) and kc (which provides active
damping against the LC resonance). Since ωb is much larger
than outer-loop resonant frequency ωr. It is valid to decouple
the dynamics of inner- and outer-loop controls.

TABLE II
POWER SYSTEM PARAMETERS

Fig. 10. Photo of the hardware setup.

Fig. 11. Steady-state waveforms of dc-link voltages and grid currents.

V. EXPERIMENTAL RESULTS

To experimentally validate the performance of synthetic in-
ertia control, a scaled-down power system prototype was built
in the laboratory. The circuit control parameters are listed in
Tables I and II and the circuit diagram is illustrated in Fig. 3(a).
Fig. 10 shows the photo of the hardware setup, where the power
system is emulated by an H-bridge dc–ac inverter and the GCI
is connected with the grid emulator through feeder impedance.

A. Ideal Power Grid

Initially, the scenario of an ideal power grid is tested. Fig. 11
shows the steady-state waveforms when ωg equals 314 rad/s. It
can be observed that vi is well synchronized with vg and vdc
is regulated to be 200 V. Fig. 12 shows the responses when
ωg is intentionally changed from 314 rad/s to 313.5 rad/s. The
step change of grid frequency can be quickly followed by the
dc-link voltage. As observed in Fig. 12, the critical damping has
been realized and the settling time is around 0.2 s. These agree



1418 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

Fig. 12. Response of dc-link voltage and grid current after a step change of
ωg.

Fig. 13. Primary frequency regulation framework of the grid emulator.

Fig. 14. Response of frequency and RoCoF without synthetic inertia control.

with the theoretical analysis and design result. Note that some
second-order ripples exist in vdc, which can be reduced by [50].

B. Practical Power Grid

Then, the practical power grid is considered and the primary
frequency regulation framework in Fig. 13 is incorporated into
the frequency controller of the grid emulator. The RoCoF relay
window length is 50 ms. Initially, the GCI is disconnected from
the grid emulator. Fig. 14 shows the responses of grid frequency
and RoCoF after a 4% power system step load change (through
the change of RL in Fig. 3). It can be observed that the measured
instant RoCoF is as high as –0.28 Hz/s and the frequency nadir
is 49.74 Hz.

Next, the GCI is connected with the grid emulator to provide
synthetic inertia support and a 4% power system load change is
similarly applied. Fig. 15 shows the responses of grid frequency
and RoCoF with the designed control parameters. The synthetic
inertia Hcap can be calculated by (8), which is around 2.36 s. As

Fig. 15. Response of frequency and RoCoF with the synthetic inertia control.

Fig. 16. Response of frequency and RoCoF with the sluggish inertia control.

shown in Fig. 15, the frequency nadir is increased to 49.8 Hz
while the initial RoCoF is effectively reduced to –0.17 Hz/s. The
result agrees well with the theoretical analysis, where the initial
RoCoF is –0.28 Hz/s × HM /(Hcap+HM) = –0.167 Hz/s. This
indicates that the synthetic inertia is in close proximity to the
physical inertia. In addition, the dc-link voltage can also track
the grid frequency well.

Then, the value of a1 is intentionally tuned as 1.2× 10–2 rad/V
such that T(s) is overdamped with the sluggish synchronization
dynamics. Fig. 16 displays the responses of grid frequency and
RoCoF. Although the frequency nadir is equal to the previous
result, the initial RoCoF value, which is –0.23 Hz/s, as shown in
Fig. 16, cannot be limited as desired. This is due to the fact that
dc-link capacitors cannot provide the active power support in a
timely manner. In other words, the effect of synthetic inertia is
different from that of the physical inertia at the beginning of a
frequency event.

Next, the underdamped scenario has been tested by selecting
a1 as 1 × 10–3 rad/V and Fig. 17 shows the experimental result.
Despite that the waveforms of the dc-link voltage and the grid
frequency are comparatively smooth, the waveform of RoCoF
suffers from poorly-damped oscillations. It can be observed that
the maximum RoCoF value is about –0.22 Hz/s, which is worse
than that of the critical-damping case (–0.17 Hz/s). Therefore,
the underdamped scenario is less preferable as compared with
the critical damping scenario.



QI et al.: SYNTHETIC INERTIA CONTROL OF GRID-CONNECTED INVERTER CONSIDERING THE SYNCHRONIZATION DYNAMICS 1419

Fig. 17. Response of frequency and RoCoF with the oscillatory inertia control.

Fig. 18. Comparison between the proposed control and (48).

C. Comparisons With Other Synthetic Inertia Control

An alternative approach to realize the synthetic inertia effect
is to directly link the converter frequency fi with the dc-link
voltage vdc. The corresponding GAL(s) is given by

fi = f0 +
1

k
(vdc − vdc_ref) (48)

where f0 is the nominal frequency. However, the direct imple-
mentation of (48) would result in undamped oscillations, as can
be seen in Fig. 18. To solve this issue, a supplementary damping
loop is needed. The detailed implementation is discussed in [39].

Besides, the analogy between the converter and synchronous
machine can also be established by designing GAL(s) as

fi = f0 +
s+KT

KJs+KD
(v2dc − v2dc_ref) (49)

where KJ is the inertia coefficient, KD is the damping coefficient,
and KT is the dc voltage tracking coefficient. Fig. 19 compares
the proposed synthetic inertia control with the GAL(s) of (49).
For a fair comparison, KJ is designed so that the dc capacitor
provides the same amount of power to support grid frequency. In
addition, KD and KT are designed such that the dc-link voltage
is free from oscillations. It is observed that the initial RoCoF of
Fig. 19(a) is smaller than that of Fig. 19(b). Moreover, the active
power variation ΔPi is strictly proportional to the grid RoCoF
in Fig. 19(a). This agrees well with the math definition of inertia
in (4).

Fig. 19. Comparisons. (a) Proposed control. (b) GAL(s) given by (49).

VI. CONCLUSION

This article develops a synthetic inertia control with improved
RoCoF suppression ability. The architecture of the developed
controller is inversely determined to achieve a fast settling time
with no undershoot/oscillation. In addition, an explicit step-by-
step parameter design process has been provided. Experimental
results of a scaled down power system prototype show that the
proposed scheme can reduce the initial RoCoF by 40% and the
frequency nadir by 23%.
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