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Abstract—The short-term overcurrent capability is critical for
grid forming (GFM) converters to provide support during grid fault
transient. Although the transient overcurrent (TOC) capability
enhancement strategy based on customized and oversized design
for power converters has developed in recent studies, these solutions
are still difficult to promote due to their high cost and complex
hardware structures. To address this issue, this article introduces
the switching frequency as the degree of freedom to improve the
TOC capability of GFM converter at the software level. By actively
reducing the switching frequency in the TOC stage, the rise in junc-
tion temperature caused by overrated current can be suppressed
effectively. Moreover, the inherent control stability issue of the inner
voltage vector control loop under the substantial decrease of the
switching frequency is quantitatively studied. On this basis, a mul-
tiparameters coregulation strategy is further proposed to ensure
sufficient stability margin of the control loop during the TOC stage
with the decreasing switching frequency. This strategy solves the
contradiction between control stability and thermal demands in
the switching frequency-based TOC method and it can further
enhance the TOC capability without redesigning the hardware.
Finally, the proposed TOC capability enhancement strategy is
verified in both the electrothermal simulation and experiment.

Index Terms—Control loop stability, grid fault, grid forming
(GFM), switching frequency, transient overcurrent (TOC)
capability.

I. INTRODUCTION

A S the penetration of renewable energy sources signif-
icantly increases, grid-connected converters are widely

used in the generation [1], [2], transmission [3], [4], and
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distribution [5], [6] of electric power. The grid following (GFL)
algorithm based on grid voltage phase tracking and fast cur-
rent regulation ability is generally adopted in traditional grid-
connected converters due to its simple control structure and
flexible power adjustment dynamics [7]. However, the classical
GFL converters usually have problems of lacking good capabil-
ity for voltage and frequency support and its normal operation
would rely on good synchronization with a sufficiently strong
grid [8]. As a result, the oscillation and instability accidents has
occurred in a series of high-proportion power electronic systems,
which threatens the safety and reliability for the future power
electronics-dominated power system [9].

Recently, the grid forming (GFM) control strategy has at-
tracted much attention since it can establish the system voltage
and frequency autonomously. Thus, it can maintain good syn-
chronization with the weak grid and even independently support
the local loads [10], [11], which makes up for the shortcom-
ings of GFL control. Thanks to the emerging development and
evolution in the aspects of inertia emulation [12], [13], reactive
power regulation [14], and oscillation suppression [15], [16], the
GFM converter can achieve almost perfect imitation and even
better performance of the synchronous generators in long-term
operating characteristics. It has good capability to participate the
power generation and dispatch of the power system in normal
operation stage. However, in the case of large disturbances,
such as grid faults, the GFM converter usually triggers current
limiting control due to the fragility of power devices [17], [18].
The current limiting-based fault ride-through strategy would
cause the GFM converters to degrade into GFL behavior and,
thus, significantly increase the risk of system transient instability
[19], [20], [21].

To solve this issue, solutions with virtual impedances have
been proposed to assist the converter in maintaining GFM
characteristics under grid fault conditions [22], [23], [24], but
the GFM converter still could not provide sufficient voltage and
frequency support in transient processes because it only changes
the port characteristics but still lacks the transient overcurrent
(TOC) capability. Also, the switching in and switching out of
these current limiter strategies would introduce additional risks
of small-signal and large-signal instability problems. In order
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to fundamentally improve the GFM function of grid-connected
converters during the fault stage, the TOC capability needs to
be further investigated, and the suppression of the significantly
increased junction temperature caused by the overrated current
is the core of improving the TOC capability for GFM converters.

A series of methods, including oversized design [25], circuit
reconstruction [26], and package improvement [27] have been
developed to enhance the TOC capability from the hardware
level. However, the solutions with equipment customization are
very costly and also need to consider their negative impact on
the normal operation of the power converters, such as steady-
state cooling performance degradation and power density reduc-
tion [28], which may not be suitable for large-scale promotion.
It is worth noting that some control variables are loss-dependent
in power converters, including switching frequency, dc-side
voltage, and duty cycle and the heat accumulation can be dy-
namically adjusted through these variables to control the junc-
tion temperature without any hardware changing [29]. Among
these temperature-related control variables, switching frequency
obtains wide application because of its high efficiency in power
loss regulation and ease of adjustment. To reduce the junction
temperature of power modules, switching frequency is used in
an active thermal control (ATC) algorithm with proportional
integral (PI) controller [30], but the proposed algorithm is only
adopted in a single power device and it does not consider specific
application scenarios. Then, the customized ATC control is
proposed considering the thermal characteristics of the electric
drive system [31], proving the feasibility and effectiveness of
power loss adjustment based on the switching frequency at the
converter level. Furthermore, an optimization design method
of ATC is derived for switching frequency smooth adjustment
in grid-connected converters [32], which simultaneously meets
the requirement of grid codes and equipment thermal stress
reduction. However, the state-of-art applications of switching
frequency regulation mainly serve the target of lifetime man-
agement [33] and they have not yet been applied to the TOC
capability enhancement in a short timescale.

Furthermore, the switching frequency would decrease signif-
icantly as TOC capability is required to be improved as much as
possible. The accompanying changes in time delay will certainly
affect the stability performance of the digital control in GFM
converter. Although existing research on converter control has
studied the impact of digital control delay on the inductor current
control [34], capacitor voltage control [35], and inner dual
cascade loops [36], [37] in GFM converters, they mainly focus
on the optimizing controller performance at a fixed switching
frequency with certain time delay. The impact of switching
frequency variation on the electrical characteristics of GFM
converters with multitimescale control loops, especially on the
stability performance, has not been evaluated in detail. Also,
the control algorithm that can ensure stability when the switch-
ing frequency changes significantly is not fully investigated. It
leaves obstacles to the stable control and effective use of the
switching frequency for TOC enhancement of GFM converters
under transient process.

To fill this gap, the switching frequency is presented as a
degree of freedom in this article for TOC capability enhancement

of the GFM converter based on the thermal modeling and power
loss calculation. The active adjustment of switching frequency
can immediately reduce the power losses of the GFM converter
and effectively help the converter enhance its TOC capability.
Then, the inherent stability issue of inner control loops with
the decreased switching frequency during TOC operation is
revealed and investigated quantitively. Furthermore, a controller
parameter regulation strategy is proposed to ensure the stability
margin of the cascaded control loop at the decreased switch-
ing frequency. In this manner, the switching frequency can
be adjusted in a wide range to improve the TOC capability,
while the GFM converter can still maintain the stable voltage
source characteristics under the fault transient stage. Finally,
the effectiveness of the proposed scheme has been verified on
both simulation and experimental platforms. The main purpose
of this article is to reduce the power losses of GFM converter in
the TOC operation state by decreasing the switching frequency
at software level, which can improve its TOC capability without
additional cost or hardware adjustments. Another purpose of this
article is to avoid the additional stability problem caused by the
drastic adjustment of switching frequency.

The major contributions of this article can be summarized as
follows.

1) The switching frequency is introduced to improve the TOC
capability of GFM converter. It can reduce transient heat
accumulation by decreasing the total power loss without
additional hardware adjustment.

2) The impact of switching frequency decrease on the stabil-
ity boundary of the cascaded inner control loop in GFM
converter is analytically investigated and quantitatively
characterized.

3) The multiparameter coregulation strategy (MPCR) is pro-
posed to ensure the stability margin of the cascaded control
loop at the decreased switching frequency so that the
GFM converter can maintain its controlled voltage source
characteristics while significantly reducing the switching
frequency for TOC operation.

The rest of this article is organized as follows. Section II first
analyzes the principle of the enhanced TOC capability through
switching frequency reduction and discusses the potential neg-
ative impact from the decrease of switching frequency on the
stability of the vector voltage control. In Section III, the effect
of switching frequency in control stability is investigated quan-
titatively, and the MPCR strategy for the inner loop controller is
proposed to maintain the stable and controlled voltage source
characteristics of the GFM converter during the fault stage.
Sections IV and V demonstrate the electrothermal verification
and experimental validation, respectively. Finally, Section VI
concludes this article.

II. TOC CAPABILITY ENHANCEMENT OF GFM CONVERTERS

BASED ON SWITCHING FREQUENCY ADJUSTMENT

This section introduces the typical control structure of the
grid-connected GFM converter first. Then, the thermal model-
ing of the GFM converter is presented, and the enhancement
mechanism of the TOC capability by reducing the switching
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Fig. 1. Circuit and control structure of the grid-connected GFM converter.

Fig. 2. Typical GFM control. (a) VSG control. (b) Droop control with an LPF.

frequency is discussed. Also, the stability issue introduced by
the substantial reduction of switching frequency is analyzed in
detail.

A. Control of Grid-Connected GFM Converters

Fig. 1 illustrates the one-line diagram of grid-connected GFM
converters. The grid is equivalent to an ideal voltage source
named Us in series with the system inductance Ls, which
includes the transformer inductance LT, the transmission line
inductance Ll, and the grid inductance Lg. The GFM converter
is connected to the point of the common coupling (PCC) via a
typical LC-type filter for ripple suppression.

The GFM loop is applied as the outer power loop of the
converter control algorithm to achieve grid synchronization and
active power regulation. Various types of GFM control can be
implemented through the transfer function Gf, including virtual
synchronous generator (VSG) control and droop control with a
low-pass filter (LPF) [10], [38], as shown in Fig. 2.

It has been proved in [39] that these two typical schemes are
identical, and their equivalence can be expressed as

KP =
1

DP
, ωP =

DP

J
(1)

where Kp is the droop coefficient, ωp is the cut-off frequency in
droop based GFM loop, and J and Dp are the inertia and damping
coefficient, respectively, in VSG based GFM loop.

The dual loop based terminal voltage vector control is
equipped as inner loop to regulate the terminal voltage actively.
The current loop usually uses a PI controller to generate the
modulation signal of the GFM converter, which can be described
as {

v∗d = Gc(s)(idref − id)− ωLf iq
v∗q = Gc(s)(iqref − iq) + ωLf id

(2)

Fig. 3. Thermal model of a power semiconductor device in GFM converter.

where Gc(s) = Kpc + Kic/s is the transfer function of the PI
current controller, the reference of the current loop is generated
from the voltage controller, whose dynamic is expressed as{

idref = Gv(s)(udref − ud)− ωCfuq

iqref = Gv(s)(uqref − uq) + ωCfud
(3)

where Gv(s) = Kpv + Kiv/s is the PI regulator in the voltage
control loop. Through the dual inner loop control, the GFM
converter can exhibit the characteristics of a well-controlled
voltage source.

B. TOC Capability Through Switching Frequency Decrease

In order to discover the loss-dependent control variables,
which suitable for TOC capability enhancement and explain
its operating principle, the fundamental thermal modeling, and
power loss calculation of converter is present in this section. The
loss of power devices is the determining factor of their thermal
stress performance. To analyze the operating process of each
semiconductor device, the duty cycle D(t) with modulation index
m can be expressed as follows, which is the input to calculate
the device power losses:

D(t)=0.5+
m√
3
sin (2πf0 · t+ϕ)+

m

6
√
3
sin 3 (2πf0 · t+ϕ) .

(4)
With the output current Ixf = Ixfmsin(2πf0·t)(x = a,b,c) de-

termined by the circuit structure and control response in Fig. 1,
the total power losses of the nth switching cycle Tsw can be
calculated as for each output current cycle

Pn
Total = V n

CE

(
Inxf , T

n
j

) · Inxf ·D(t) + ESW
(
Inxf , T

n
j

) · fSW

(5)
where VCE is the ON-state voltage drop of insulated gate bipolar
transistor (IGBT), which is the function of output current Ixf and
junction temperature Tj. fsw is the switching frequency of GFM
converter and Esw is the switching energy (turn-ON and turn-OFF)
of the power semiconductor devices, which is also dependent on
the load current Ixf and junction temperature Tj. Based on the
modeling of power loss, the thermal model of a single switch in
a GFM converter is shown in Fig. 3, and the three-level active
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neutral point clamped (ANPC) topology is applied without loss
of generality.

In Fig. 3, Tj and Tc are the junction temperature and the case
temperature of the IGBT, respectively. A typical Foster model
with four layers is established from the parameters that can be
obtained from the datasheet or experimental test. Based on this
model, the thermal impedance can be expressed as

Zth =
4∑

i=1

Rthi

[
1− e−t/τi

]
(6)

where τ i = RthiCthi, which is the time constant of junction tem-
perature. Therefore, the junction temperature of power devices
can be calculated

Tj = Pn
TotalZth + Tc. (7)

Since the time scale of grid faults is usually on the millisecond
level, which is much smaller than the time constant of the case
and heatsink [29], Tc is assumed to be a constant under the
discussion of the junction temperature behavior during TOC
stage for simplification. It can be seen from (7) that for a
completely designed GFM converter, Zth and Tc are fixed, and
power loss is the only factor affecting junction temperature in
this time scale. It is worth noting that the switching frequency
fsw appears in the expression of power loss, which is also a
controllable variable that can be adjusted independently through
the modulation stage. When the GFM converter enters the TOC
operating state, the switching loss of the GFM converter can be
reduced by actively and immediately decreasing the switching
frequency, and the pump rise of junction temperature can be
suppressed in the transient process.

The above idea is essentially a kind of ATC, which usually
serves for long-term reliability management of power converters
with small-range adjustment of switching frequency. Since the
range of switching frequency change is small enough in this sit-
uation that the effect on the electrical control loop is negligible,
the control structure of the electrical variable can remain fixed.
However, the switching frequency value needs to be reduced
significantly in the short term to maximize the TOC capability.
It will cause conflicts between electrical control and thermal
demand and further have a negative impact on the stability of
the GFM converter, which will be analyzed next.

C. Stability Issue Caused By Switching Frequency Decrease

The parameters of the GFM loop shown in Fig. 2 are usually
designed according to the operating requirements of the power
system, which causes it to have a relatively slow response
compared to the inner control loops. The dynamics of GFM
loop can be neglected in this study. Assuming that the coupling
between the d-and q-axis is decoupled well due to the use of the
cross-couple decoupling technique [40], the dynamics of inner
cascade control loop can be described in Fig. 4.

Since the digital control is generally adopted for GFM con-
verters, the inevitable control delay Td is produced and deter-
mined by switching frequency. The delay is modeled as

Gd(s) = e−sTd (8)

Fig. 4. Control block diagram of inner dual-loop voltage control.

TABLE I
ELECTRICAL PARAMETERS OF SIMULATION AND EXPERIMENTAL PROTOTYPE

TABLE II
CONTROL PARAMETERS OF SIMULATION AND EXPERIMENTAL PROTOTYPE

where the total delay Td equals 1.5 times the control period Ts,
with 1Ts delay due to one control cycle and 0.5Ts delay due to
the zero-order-hold mechanism during modulation [34].

Under the fixed sample and hold mode in digital controller,
the total delay Td is inversely proportional to the switching
frequency fsw and the open loop transfer function of dual-inner
loop control can be expressed in s-domain

Tv (s)=
Gv(s)ω

2
r

s2 + sGc(s)Gd(s)/Lf + ω2
r

= Gv(s)GLC_R(s)

(9)
where ωr is resonance frequency of the LC filter, which can be
expressed as

ωr =

√
1

LfCf
= 2πfr. (10)

According to the electrical and control paraments given in
Tables I and II. The impact of switching frequency reduction
on inner cascaded control loop stability can be investigated in
Fig. 5.

If the control parameters are maintained constant at steady-
state designed values, the stability margin of the control loop
will reduce significantly as the switching frequency decreases
and even instability occurs at fsw = 6 kHz, as shown in Fig. 5.
Since the parameters of inner loop control are usually designed
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Fig. 5. Bode diagram of Tv(s) with fixed controller parameters under switch-
ing frequency fsw decrease.

Fig. 6. Control block diagram of inner dual-loop voltage control with recon-
figured controller gain.

Fig. 7. Bode diagram of Tv(s) with reconfigured controller parameters under
switching frequency fsw decrease.

related to the switching frequency [40], as shown in⎧⎪⎪⎨
⎪⎪⎩
Kpc = ωiLf

Kic = ωiRf

Kpv = ωvCf

Kiv = ω3
vCf

/
ωi

(11)

where ωi = N2πfsw/10 and ωv = 1.6ωi/10, the sample rate N =
fs/fsw. Thus, the controller parameters can be easily reconfigured
through digital controller according to this design rules used in
steady-state operation with new operating switching frequency,
illustrated in Fig. 6.

Based on this method, the stability performance can be inves-
tigated in Fig. 7. Since the design of the control bandwidth is
usually proportional to the switching frequency, this method has
a certain potential to adapt to the switching frequency changes.
It can be seen that the instability problem has been alleviated but

Fig. 8. Control block diagram of inner dual-loop voltage control in z-domain.

still exists under a lower switching frequency value (fsw=3 kHz)
because the design method of controller parameters in (11) rarely
considers switching frequency variation effect. It means that the
simple and linear adjustment of the bandwidth of the cascade
controller based on the switching frequency would be difficult to
ensure stability under large changes in the switching frequency
of the GFM converter.

In light of this analysis and discussion, the stability issue of
the electrical control loop has become a constraint in reducing
the switching frequency to achieve TOC capability in the GFM
converter. Thus, the control strategies need to be explored in the
following for enhancement of the stability performance under
a wide range reduction of switching frequency to further serve
the needs of TOC operation during grid fault.

III. MULTIPARAMETERS COREGULATION STRATEGY FOR

STABILITY CONSTRAINED TOC OPERATION

In this section, the stability boundary of the cascaded inner
control loop in the GFM converter is quantitatively characterized
based on z-domain modeling. Then, a controller MPCR strategy
is further proposed to satisfy the stability constraint with a wide
range decrease in switching frequency under the TOC stage.

A. Delay Dependent Current Loop Stability Analysis

In order to accurately and quantitatively analyze the impact
of switching frequency fsw changes on the cascade inner loop
control of GFM converters, modeling and analysis work is
carried out in the z-domain, as shown in Fig. 8.

The impact of delay on the loop can be described by a linear
transfer function with trigonometric coefficients as follows and
the sampling period is calculated through Ts = 1/Nfsw:

GIL(z) =
if (z)

v(z)
=

sin(ωrTs)

ωrL1

z − 1

z2 − 2z cosωrTs + 1
(12)

GLC(z) =
uf (z)

v(z)
= (1− cosωrTs)

z + 1

z2 − 2z cosωrTs + 1
.

(13)

For current loop, its main function is to reshape the mid
and high frequency dynamics of the control loop and dampen
the resonance of the LC filter, which is mainly dominated by
its proportional gain [41]. Thus, the constraint of switching
frequency adjustment on the proportional gain of the current
controller is considered in this article. The characteristics of the
inner current loop dynamics can be expressed as follows:

GLC_R(z)=
(z + 1)(1− cosωrTs)

z(z2−2z cosωrTs+1)+KPC
sin(ωrTs)

ωrL1
(z−1)

(14)
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Fig. 9. Stability boundary of current inner loop gain Kpc under switching
frequency fsw decrease.

where GLC_R(z) = uf(z)/v(z) and Kpc is the proportional gain of
the current controller. Thus, the stability of the system expressed
in (14) is determined by the characteristic equation as follows:

z
(
z2 − 2z cosωrTs + 1

)
+KPC

sin(ωrTs)

ωrL1
(z − 1) = 0.

(15)
Furthermore, the stable range of the inner current loop gain

under the influence of sampling period Ts can be obtained from
the Routh criterion in the discrete domain

0 < KPC <
(2 cosωrTs − 1)ωrL1

sinωrTs
. (16)

Define the upper limit of proportional gain as Kpc_lim =
(2cosωrTs−1) ωrL1/sinωrTs, the change of stability boundary
with switching frequency can be analyzed as follows:

dKpc_lim

dTs
=

ω2
rL1

sin2ωrTs

(cosωrTs − 2) < 0. (17)

As switching frequency fsw decreases, i.e., the sampling pe-
riod Ts increases, the proportional gain boundary of the current
controller will decrease monotonically, which is illustrated in
Fig. 9. If the gain Kpc is fixed, the allowable adjustment range
of the switching frequency under stability constraints is 6.7 kHz
to 10 kHz. Although dynamic adjustment of Kpc can further
expand the adjustment range of switching frequency, it is still
limited by current loop stability.

B. Voltage Loop Stability Boundary Consider Current Effect

Since the proportional gain of the voltage controller mainly
affects the stability performance and it is more sensitive to time
delay [40], the proportional gain Kpv is analyzed in this section.
Based on the modeling and stability analysis of current inner
control, the open-loop transfer function of the voltage outer loop
can be expressed as

Gvo(z) = GLC_R(z)KPV KPC

=
KpvKpc(z + 1)(1− cosωrTs)

z(z2 − 2z cosωrTs + 1) +KPC
sin(ωrTs)

ωrL1
(z − 1)

.

(18)

According to Figs. 5 and 7, the following conditions need
to be met at the frequency ωcp, where the phase characteristics
of Gvo(z) crossing −180° to ensure voltage control loop keep

Fig. 10. Stability boundary of voltage outer loop gain Kpv under switching
frequency fsw decrease.

stable {
Im

[
Gvo(z = ejωcpTs)

]
= 0

Re
[
Gvo(z = ejωcpTs)

]
< 1.

(19)

Substituting the conditions (19) into (18), the proportional
gain boundary of the voltage controller can be obtained as
follows:

0 < KPV <
2A− 2B +

√
C − 1

2KPC (A− 1)
(20)

where ⎧⎨
⎩
A = cosωrTs

B = KPC sinωrTs/ωrL1

C = (2A+ 1)2 − 8B.
(21)

It can be seen that the stability boundary of the voltage loop
gain is related to the control delay and the configuration of
the current inner loop. Define the upper limit of proportional
gain as Kpv_lim = (2A−2B+

√
C−1)/2Kpc(A−1), the change

of stability boundary with switching frequency can be analyzed
as follow:⎧⎨
⎩

dKpv_lim

dTs
= K1

2KPC(A−1) +
(
2A− 2B +

√
C − 1

)
dA
dTs

K1 = (2 + 2
(

2A+1√
C

)
dA
dTs

− 2
(
2 + 4√

C

)
dB
dTs

(22)

where {
dA
dTs

= −ωr sinωrTs

dB
dTs

= KPC cosωrTs/L1

. (23)

Due to the constraints of current loop stability in (17),
cosωrTs > 1/2 is satisfied. Which can derive dA/dTs < 0 and
dB/dTs > 0, so K1 is less than 0 in this condition. Thus, the
dKpv_lim/dTs < 0 is determined in the grid-tied GFM converter.
This means that no matter how the current inner loop gain
is configured, as the switching frequency fsw decreases, the
sampling period Ts increases, the gain boundary of the voltage
controller also decreases monotonically, as shown in Fig. 10.

Although the current controller gain Kpc cannot change the
tendency of the controller gain boundary in the voltage control
loop to decrease over time delay, adjusting the current loop
gain can help the voltage controller maintain stability within
a wider switching frequency range. Therefore, it is necessary to
achieve codesign of the voltage controller and current controller
to improve the stability performance of the controller under a
wider range of switching frequency changes.
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Fig. 11. Stability boundary of equivalent gain Keq under switching frequency
fsw decrease.

C. MPCR Strategy for Stability Enhancement in TOC Stage

It can be seen from Figs. 9 and 10 that if the number of
loading times of digital controller is fixed in one control cycle,
as the switching frequency decreases, the sampling frequency
decreases significantly in proportion. If the controller continues
to use the control parameters designed under normal operating
conditions, the stability margin will decrease or even become
unstable. Adjusting the control gain to follow the switching
frequency according to a certain method can help the control
loop adapt to a wider range of switching frequency changes.
However, since traditional control parameter designs generally
do not consider large-scale changes in switching frequency, it is
still difficult to guarantee stability.

For the inner dual-loop controller, its main task is to achieve
good regulation capability of the terminal voltage dynamics,
which relies on the loop gain to be increased as much as possible.
It is worth noting that the loop gain of the dual inner loop is
essentially determined by the product of the voltage controller
proportional coefficients Kpv and current controller proportional
coefficients Kpc. Therefore, the optimization of voltage loop
dynamics essentially requires optimizing the two parameters
Keq and Kpc. Under a fixed switching frequency, their analytical
relationship can be represented in Fig. 11.

It can be concluded that for a GFM converter with a deter-
mined switching frequency, there is a set of optimal parameter
combinations to achieve the highest voltage loop gain. Since
the constraint expressed by (20) is consistent with the defi-
nition of gain margin (GM). Considering the stability margin
of the voltage loop, the stability boundary can be expressed as
follows:

Keq_ lim = GM
2A− 2B +

√
C − 1

2 (A− 1)
. (24)

The analytical expression of the highest loop gain can be
calculated by dKeq_lim/dKPC = 0, and further, the proportional
coefficient combination of the dual-loop controller can be cal-
culated to satisfy the gain margin demand as follows:

{
KPC = ωrL1

sinωrTs

(
1
8 (2A+ 1)2 − 1

2

)
KPV =

Keq

KPC

(25)

Fig. 12. Controller gain trajectory of proposed MPCR strategy. (a) Two-
dimensional diagram with normal and TOC operation frequency. (b) Three-
dimensional diagram with continuous decrease of switching frequency.

where ⎧⎨
⎩
A = cos(ωrTs)

Keq = GM
2

−A2+A−1/4
A−1

Ts = N/fsw(N is the sample rate).

(26)

In this manner, the inner loop gain of the GFM converter
is uniquely determined by the switching frequency, and it can
ensure that the voltage loop reaches the maximum gain under
the stability margin constraint at the fixed switching frequency.
Choosing a gain margin of 3 dB as an example, the value
trajectory of the controller gain is shown in Fig. 12. It can be
seen in Fig. 12(a) that the proposed control method can ensure
a stable margin of the control loop under a certain switching
frequency value, and at the same time, the maximum gain can
be achieved while ensuring the stability margin. Fig. 12(b) shows
that the proposed control method has the good potential to serve
the continuous smooth adjustment of switching frequency and
provide a good interface for the ATC algorithm. The integral
coefficient of the voltage controller can remain unchanged from
the original design because it is relatively decoupled from the
proportional coefficient in dual inner loop control [40].

It is worth noting that when the upper limit of proportional
gain of current controller Kpc_lim is equal to 0, the switching
frequency cannot be further reduced. It means that no matter
how the control parameter is configured, the controller cannot
meet the requirements of LC resonance damping, and the control
object of the voltage outer loop will become unstable. This
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Fig. 13. Control block diagram of inner dual-loop voltage control with pro-
posed MPCR strategy.

boundary can be simplified as 2cosωrTs−1 > 0 because the
other parts are all positive in Kpc_lim. Therefore, the controller
sampling frequency fs = 1/Ts needs to be greater than six times
the resonant frequency, i.e., fs > 6fr.

Based on the proposed MPCR control algorithm, the TOC
controller of the GFM converter can be illustrated in Fig. 13. The
sample rate N and gain margin GM is predesigned and needs to
input for controller gain calculation. The inverter side current if
is used for determine whether the converter enters TOC state and
PCC voltage uf is used for whether a power grid failure occurs.
When TOC state is detected, the GFM converter will switch to
a lower switching frequency operating mode and calculate the
current controller gain according to (25) and (26) to ensure the
stability of the loop for terminal voltage support and overload
current output.

When the proportional resonant (PR) controller with positive
and negative sequence regulation capability is equipped, the
GFM converter is enabled to regulate its positive and negative
sequence currents and voltage independently without changing
control loop structure [42], [43], [44]. For the PR controller,
the proportional gain design is exactly the same as that of the
PI controller. Also, the resonant gain is similar to the integral
coefficient in the PI controller, and it would always work in the
low-frequency band and decoupled from the proportional gain
[40], [41]. Therefore, the MPCR strategy has the good potential
to be extended to the cascaded dual inner loop control based on
the PR controller, and the GFM converter would have the ability
to regulate the positive and negative sequence components while
maintaining the TOC state in asymmetrical fault.

D. Evaluation of Transient Stability and Grid
Impedance Effect

Due to the TOC capability of GFM converter being enhanced
through decreasing switching frequency, the converter could
maintain its GFM control in fault transient. The large signal be-
havior of power angle can be described through swing equation
[8], [9], which is written as

Jδ̈ = P0 − Pe −Dpδ̇ = P0 − UsUf sin δ/Xs −Dpδ̇ (27)

where δ = θ – θs is defined as power angle, and it is the phase
difference between the terminal voltage Uf and grid voltage Us.
Xs is the equivalent impedance between the PCC and the grid. J
and Dp are the inertia and damping coefficients, respectively.

The transient stability boundary is usually characterized by
Lyapunov function with UEP in postfault [45], [46], and it is
calculated with the postfault grid voltage Uspf as

δeu = π-arcsin

(
P0Xs

UspfUf

)
. (28)

In the characterization of the transient stability boundary,
it is usually assumed that the UEP is a zero potential energy
point. Thus, the total transient energy of GFM system after fault
clearance is written as follows:

Vpf

(
δ, δ̇

)
=

Jδ̇2

2
+P0 (δeu−δ)+

UspfUf

Xs
(cos δeu−cos δ).

(29)
Transient angle stability is guaranteed by the condition that

there is no additional total energy at the UEP. Therefore, the
transient stability boundary can be characterized by

Vpf

(
δc, δ̇c

)
= Vpf (δeu, 0) = 0. (30)

If the fault is cleared within this boundary, the transient
stability can be guaranteed.

Moreover, the stability performance of proposed MPCR strat-
egy consider gird impedance (Ls) effects is evaluated. In the pe-
runit value representation, the short circuit ratio (SCR) with the
definition SCR =1/ Ls is used in following evaluation [9], [15].
The MPCR strategy only configures the parameters according to
different switching frequencies without changing the dual inner
loop control structure. The output impedance ZGFM(s) with dual
inner loop can be derived as

ZGFM (s) =
ZC(s)

1 + ZC(s)Zi(s) + ZC(s)Gv(s)Ti(s)
(31)

where Ti(s) and Zi(s) are the close loop transfer functions of
inner current control, which can be written as{

Ti (s) =
if (s)

ifref (s)
= Gc(s)Gd(s)ZL(s)

1+Gc(s)Gd(s)ZL(s)

Zi (s) =
if (s)
uf (s)

= ZL(s)(1−HiGd(s))
1+Gc(s)Gd(s)ZL(s)

(32)

ZL(s) = 1/sLf and ZC(s) = 1/sCf, respectively. Hi is the
voltage feedforward coefficient in the current control loop to
improve the current response at the instant of grid voltage drop.
It has no effect on the control loop stability but affects the
output impedance, so it is considered in (32) and Hi = 0.5 is
selected [48]. In addition, the virtual impedance and the current
feedforward of the voltage loop are not used. The bode diagram
of output impedance under different switching frequency with
proposed MPCR strategy is drawn in Fig. 14 and verified through
the frequency sweep in the MATLAB/Simulink.

The grid impedance can be modeled as Zs(s) = 1/sLs. The
stability performance can be further evaluated through the
impedance ratio ZGFM(s)/Zs(s) [24], [47], [48]. Bode diagram
of impedance ratio with different SCR is shown in Fig. 15, it can
be seen that the MPCR strategy can also maintain stability with
SCR varying from 1.5 to 10 under the switching frequency of
normal state with 10 kHz and TOC operating state with 2.5 kHz
in this article.



LIU et al.: STABILITY CONSTRAINED TOC CAPABILITY ENHANCEMENT OF GFM CONVERTERS 2995

Fig. 14. Bode diagram of impedance ZGFM with proposed MPCR strategy.
(a) fsw = 10 kHz. (b) fsw = 2.5 kHz.

Fig. 15. Bode diagram of impedance ratio with different SCR. (a) fsw =
10 kHz. (b) fsw = 2.5 kHz.

TABLE III
FOSTER MODEL PARAMETERS OF POWER DEVICE USED IN SIMULATION

IV. SIMULATION STUDIES

The simulation is presented based on the gird-connected GFM
converter in Fig. 1 with electrical and control parameters listed in
Tables I and II to verify the effectiveness of switching frequency
decrease for TOC capability enhancement. And the simulation
studies also demonstrate the stability performance of each con-
trol scheme with switching frequency variation conditions.

A 11.5 kW ANPC converter is chosen for simulation, which is
consisted of silicon IGBT devices. The parameters of the foster
model in Fig. 3 are obtained by testing the power semiconductor
device used in the experiment platform and they are shown in
Table III. Due to the double sampling being used, the switching
frequency should be greater than three times the resonant fre-
quency, i.e., fsw > 3fr. The switching frequency value should

be greater than 1.842 kHz, as calculated from the parameters in
Table I. Considering that a certain stability margin needs to be
left in the outer loop design, 2.5 kHz is finally selected, which
is close to the theoretical switching frequency limit for loop
stability.

A. Analysis of Inherent TOC Capability

The inherent TOC capability of the used converters at a rated
switching frequency of 10 kHz is first tested. The steady-state
output current of the converter is set at 35 A, and the steady-state
operating junction temperature is 115 °C, which is set as the
base junction temperature value for simulations. In order to
ensure that the device does not get damaged due to overheating,
set the junction temperature limit of the device at 125 °C. A
symmetrical fault is triggered at 0 s with a voltage drop to
0.6 p.u., and the grid voltage is recovered to 1 p.u. at 0.2 s.
The PCC voltage, grid current and junction temperature of
three power devices (the devices conduct complementary) of
the bridge arm A-phase of the power converter are shown in
Fig. 16.

It can be seen that after grid fault occurs, the converter exhibits
voltage source characteristics due to the GFM control strategy
and outputs 1.7 p.u. TOC current. The max junction temper-
ature reaches 125 °C, which means that the GFM converter
has reached the maximum output capability under the junction
temperature constraint, which is its inherent TOC capability
without any enhancement strategy. It is worth noting that in
ANPC topology, the junction temperature of high-frequency
operating devices T3 will rise faster due to its high switching
frequency, which is also the main constraint on improving the
TOC capability of the power converter.

B. Power Loss Evaluation With Switching Frequency Decrease

In order to evaluate the effect of switching frequency decrease
on the electrothermal characteristics of the GFM converter in
detail, the power loss behavior of GFM converter with switching
frequency decrease is evaluated in PLECS simulation platform.
The IGBT device is consistent with the experimental test in
Section V, and its parameters are derived from the corresponding
datasheet. Since the IGBT device T3 is high-frequency operated
and its junction temperature is closest to the upper limit, as
shown in Fig. 16. Its conduction loss, switching loss, and total
loss are evaluated in detail at different switching frequencies.
The results are illustrated in Fig. 17(a), (b), and (c), respectively.
In addition, the current ripple increase introduced by switching
frequency reduction is also evaluated with the THD of converter
side current, as shown in Fig. 17(d).

Since the lowest switching frequency value used in this article
is 2.5 kHz, which is still much higher than the resonant frequency
of LC-filter, and so even after significantly reducing the switch-
ing frequency, the fundamental component still accounts for a
large proportion of the total converter side current. The impact of
the ripple on the power loss is not significant compared with the
overrated output current. The conduction loss is mainly related
to the current of fundamental frequency and is not significantly
affected by the switching frequency, as shown in Fig. 17(a) and
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Fig. 16. Electrothermal simulation result of GFM converter under grid fault with fixed switching frequency.

Fig. 17. Simulation result of electrothermal behavior of GFM converter un-
der different switching frequencies and output currents. (a) Conduction loss.
(b) Switching loss. (c) Total loss. (d) THD of converter side current.

(d). In this manner, the switching frequency could significantly
reduce the switching losses and further reduce the total loss,
especially in TOC state, as shown in Fig. 17(b) and (c). It
could help the converter tolerate a larger output current without
overheating damage to the semiconductor device.

Furthermore, the variation of junction temperature of the high-
frequency operating device T3 at different switching frequencies
is also evaluated to demonstrate the necessity of power loss
reduction to the TOC capability enhancement, which is shown
in Fig. 18. The grid voltage symmetrically drops to the 0.25 p.u.
and the GFM converter outputs 2.5 p.u. overrated current at 0.1 s.
It can be seen from Fig. 17(c) that the increase of current will

Fig. 18. Simulation result of junction temperature variation during fault.
(a) fsw = 10 kHz. (b) fsw = 2.5 kHz.

lead to a doubling of the power loss. Since the thermal response
of the device is very fast, the junction temperature will quickly
accumulate and exceed the junction temperature limitation in
a short time, as shown in Fig. 18(a). When the power loss is
reduced appropriately by lowering the switching frequency, the
rise in junction temperature will be alleviated, which is shown
in Fig. 18(b).

C. Stability Evaluation With Switching Frequency Decrease

In order to verify the theoretical analysis results and the
effectiveness and feasibility of the proposed MPCR strategy, the
stability performance with fixed controller parameters, adjusted
controller with formula (11) and proposed MPCR strategy are
tested in this section. The strategy of fixed controller parameters
under switching frequency is evaluated first, as shown in Fig. 19.
The GFM converter can operate stably at the rated switching
frequency of 10 kHz. At 0.2 s, the switching frequency is
reduced to 6 kHz, which causes the inner control loop to become
unstable, and a high frequency oscillation occurs in voltage and
current waveform. This means that the decrease of the switching
frequency reduces the stability margin, and the grid-tied GFM
converter cannot provide stable voltage support.

Then, the stability performance of adjusting controller with
the formula (11) is evaluated in the simulation and the result is
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Fig. 19. Simulation result of fixed controller parameters with switching fre-
quency decrease from 10 kHz to 6 kHz.

Fig. 20. Simulation result of adjusting controller using formula (11) with
switching frequency decrease from 10 kHz to 6 kHz.

Fig. 21. Simulation result of adjusting controller using formula (11) with
switching frequency decrease from 10 kHz to 3 kHz.

shown in Figs. 20 and 21. In Fig. 20, the GFM converter can
maintain stable operation at the switching frequency of 6 kHz
by adjusting the controller parameters with (11). However, when
the switching frequency of GFM converter is further reduced to
3 kHz in Fig. 21, the oscillation occurs again, which means
that the stability margin of the inner loop is insufficient in this
condition. Although controller gain adjustment can improve
stability performance, a suitable adjustment scheme needs to
be designed to achieve a wider adjustment range of switching
frequency.

Fig. 22. Simulation result of proposed MPCR strategy with switching fre-
quency decrease from 10 kHz to 3 kHz.

Furthermore, the proposed MPCR strategy is equipped in the
inner loop of GFM converter and test in simulation. It can be seen
in Fig. 22 that after adopting the proposed control strategy, the
GFM converter can still maintain stable operation at switching
frequency of 3 kHz. There is no oscillation occurrence in the
voltage and current waveform, which means the inner control
loop can adapt to a wide range of switching frequency decrease
and maintain the stable controlled voltage source characteristics
for TOC operation. Thus, the increase in delay introduced by
reducing the switching frequency will inevitably weaken the
stability performance of the inner loop controller, but a suitable
gain configuration strategy can avoid the deterioration of sta-
bility performance as much as possible. The simulation results
are consistent with theoretical analysis, proving the feasibility
of the proposed MPCR scheme.

D. TOC Capability Evaluation With Switching Frequency
Decrease Method

On the premise of ensuring the inner voltage vector control
loop stability, the TOC capability based on the switching fre-
quency decrease is further evaluated in simulation and shown in
Fig. 23. In the simulation, more severe grid fault conditions are
set up to test the TOC of the GFM converter.

A symmetrical fault is triggered at 0s with voltage drop to
0.3 p.u. and the fault is cleared at 0.2 s when the grid voltage is
set to 1 p.u. If the controller detects a fault through the grid
voltage drop and the output current is greater than 1.1 p.u.,
the switching frequency of the GFM converter will be actively
reduced to 2.5 kHz and operated in TOC mode. It is worth
noting that the control structure of the GFM converter and the
parameters of the outer GFM loop controller will not change.
When the junction temperature reaches the limitation tempera-
ture, which is 125 °C, the maximum TOC output capability of
the GFM converter can reach 2.2 p.u. It has been significantly
improved compared with the inherent TOC capability shown in
Fig. 16.

In summary, this section uses simulation to evaluate the
effect of a large-scale reduction in switching frequency on TOC
capability enhancement of GFM converters. And the stability
performance of different inner loop operation strategies under
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Fig. 23. Electrothermal simulation result of GFM converter under grid fault with reduced switching frequency to 2.5 kHz.

Fig. 24. Experimental setup of grid-connected GFM converter with (a) elec-
trical test platform. (b) Device junction temperature online measurement.

wide range decrease in switching frequency reaches a good
agreement with the analysis in Sections II and III.

V. EXPERIMENTAL RESULTS

The feasibility and effectiveness of TOC capability enhance-
ment with switching frequency reduction of GFM converters
is further tested in a three-level ANPC topology-based voltage
source converter (VSC) platform shown in Fig. 24 with electrical
parameters in Table I and control parameters in Table II.

The IGBT devices used in this grid-connected GFM converter
test platform is FGHL50T65MQDTL4. The converter with LC-
type filter is connected to a grid simulator via the inductance to
realize the emulation of inductive transmission line Lg in Fig. 1,
and its dc link is kept constant by a dc source. The grid-tied

converter platform is controlled by the central controller based
on TMS320 F28377D to execute the GFM algorithm using
droop control with LPF and verify the strategy proposed in
this paper. In order to measure the junction temperature of the
power semiconductor device online during the entire process of
the GFM converter TOC operation, the front case of the power
semiconductor device is opened and the junction temperature
is measured through the optical fiber thermometer shown in
Fig. 24(b).

A. Experimental Test of Inherent TOC Capability

The inherent TOC capability of the GFM experimental plat-
form is tested in this section at the rated switching frequency of
10 kHz, and the steady-state output current of the converter is
set to 35 A. The junction temperature upper limit of the power
device is 125 °C, which is same to the simulation. A symmetrical
fault is triggered at 0 s with voltage drop to 0.5 p.u. and the grid
voltage is recovered to 1 p.u. at 0.2 s. The PCC voltage, grid
current and junction temperature are shown in Fig. 25. Due
to the IGBT S3 shown in Fig. 3 is the device with the greatest
power loss in this converter due to its high-frequency switching
operation mode, the junction temperature of T3 is focused on
during the experiment test.

The steady-state operating junction temperature of T3 reaches
115 °C, which complies with the common usage of power device.
After fault occurs, the GFM converter supports the PCC voltage
to around 1 p.u. and outputs 1.5 p.u. current. The max junction
temperature reaches 125 °C, which means that the equipment
has reached its maximum TOC capability. If the output current
is further increased, the IGBT device in test platform may be
damaged due to heat accumulation.

B. Stability Test of Switching Frequency Decrease

Furthermore, the stability performance of different inner loop
operation strategies under switching frequency decrease is eval-
uated in the GFM experimental platform. The GFM converter
initially runs at the rated switching frequency of 10 kHz. At
0.2 s, the digital controller will trigger the switching frequency
to decrease to the lower value actively to evaluate the stability of
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Fig. 25. Electrothermal experimental test result of GFM converter under grid fault with fixed switching frequency.

Fig. 26. Experimental test result of fixed controller parameters with switching
frequency decrease from 10 kHz to 6 kHz.

Fig. 27. Experimental test result of adjust controller using Formula (11) with
switching frequency decrease from 10 kHz to 6 kHz.

the inner loop control. Thanks to the superior peripheral and con-
figuration flexibility in digital controllers (TMS320 F28377D is
used in the experimental test platform), the seamless transition
of the switching frequency from one fixed value to another fixed
value can be achieved through the register configuration when
entering and exiting the TOC state. Moreover, the digital control
algorithm can maintain good synchronization with the switching

Fig. 28. Experimental test result of adjust controller using Formula (11) with
switching frequency decrease from 10 kHz to 3 kHz.

Fig. 29. Experimental test result of proposed MPCR strategy with switching
frequency decrease from 10 kHz to 3 kHz.

action of converter with the help of EPWM interrupt in the used
digital controller.

The stability performance with fixed controller parameters is
tested in Fig. 26 first. With the switching frequency decreasing
to 6 kHz, the inner control of GFM converter becomes unstable,
and voltage and current oscillations occur, which accords to the
simulation result in Fig. 19. It shows that the change in control
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Fig. 30. Electrothermal experimental test result of GFM converter under grid fault with reduced switching frequency to 2.5 kHz.

Fig. 31. Switching frequency decrease based TOC capability test result under
different fault duration times.

delay caused by the reduction of switching frequency makes the
control loop become unstable at low switching frequency. Then,
through the adjustment of controller parameter with formula
(11), the above stability problem can be solved and illustrated
in Fig. 27. However, when the GFM converter changes the
switching frequency in a wider range, it cannot work well and
the inner loop will become instability again at fsw = 3 kHz,
which is shown in Fig. 28. The test result is consistent with the
simulation result in Figs. 20 and 21.

The performance of the proposed MPCR method was tested
in the platform. The switching frequency is the input variable of
MPCR strategy, while the gains of voltage controller and current
controller are the outputs of this algorithm variable. When the
switch command is issued, the controller will update the counter
register corresponding to the lower switching frequency, and
it will also automatically obtain the corresponding controller
parameters through the proposed MPCR algorithm. In the next
digital control cycle, the converter will enter the TOC state
with a low switching frequency value with its corresponding
control parameter calculated from proposed control method.
As shown in Fig. 29, when the proposed MPCR scheme is
adopted, the GFM converter can control the terminal voltage

and output current well in both high and low switching fre-
quency operation states and achieve good switching dynam-
ics. This is consistent with the simulation results in Fig. 22
and demonstrates the effectiveness of the proposed scheme in
improving GFM stability under wide range reduction in switch-
ing frequency.

C. TOC Capability Test With Switching Frequency Decrease

Based on the implementation of proposed MPCR algorithm
through a digital controller to ensure the stability of the ex-
perimental prototype, the TOC capability enhancement with
switching frequency decrease method is tested in this section
on the platform. In the experimental test of TOC capability, the
switching frequency is set to 10 kHz during the steady state
and changed to 2.5 kHz in the TOC state to maximize the
TOC improvement of GFM converter. Therefore, the switching
frequency only changes from a fixed value to another fixed value
after the converter enters the TOC state when a fault occurs or
when the converter exits the TOC state after the fault is cleared.
The switching frequency remains constant at 2.5 kHz during
TOC state and it does not change over time.

A symmetrical fault is triggered through the grid emulator at
0 s with voltage drop to 0.3 p.u. and the fault is cleared at 0.2 s
when the grid voltage is recovered to 1 p.u. The conditions that
trigger TOC operation of GFM converter in the experimental
test are the same as in the simulation. When the PCC voltage
drop is detected and the output current exceeds the set threshold
(1.1 p.u.), the converter will actively enter the TOC operation
mode and reduce its switching frequency to 2.5 kHz. After en-
tering the TOC operation state, only the inner loop gain changes
following the switching frequency, and the control structure
and the rest of control parameters do not change. Experimental
result is shown in Fig. 30, when the fault occurs, the GFM
converter outputs the overload current of 2.1 p.u. to support
the PCC voltage to 1 p.u. At the same time, it can be seen that
by reducing the switching frequency, the junction temperature
can be maintained within 125 °C while outputting a larger
overload current compared to its inherent TOC capability shown
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Fig. 32. Electrothermal experimental test result of GFM converter under asymmetric grid fault with fixed switching frequency.

Fig. 33. Electrothermal experimental test result of GFM converter under asymmetric grid fault with reduced switching frequency to 2.5 kHz.

in Fig. 25, which verified the feasibility of switching frequency
decrease based TOC capability enhancement.

The detailed testing of the proposed switching frequency
reduction strategy for improvement of the TOC capability is fur-
ther carried out. In this test, the steady-state junction temperature
of the GFM converter is set to 115 °C uniformly with the current
of 35 A in rms value. To ensure the conservativeness of the TOC
capability test of the platform, the converter is set to generate
the constant output current through current feedback control
like the GFL mode in both normal and fault stages, and this
is the worst TOC operating condition of the converter under the
same fault duration. On this basis, the symmetrical voltage drop
fault experiments are carried out with different fault duration
times conducted in this platform. The converter adjusts its output
current value to achieve the junction temperature reaching the
maximum upper limit during the fault stage, which is set to
125 °C. The test results of the improvement effect of different
switching frequency values on TOC capability are shown in
Fig. 31.

It can be seen that the longer the fault occurs, the smaller
the TOC capability of the power converter is under the junction
temperature limitation. This is because the junction temperature
did not reach its steady state during the fault time. As the fault
duration increases, the power device will continue to heat up

and under long-term fault conditions, the maximum current
allowed by the converter will be lower. The specific value of
TOC capability obtained by reducing the switching frequency is
closely related to the semiconductor device thermal behavior,
converter power loss characteristics, and grid fault scenarios
[28], [29], [33]. However, under a certain electron thermal
condition, the methods based on decreasing switching frequency
will effectively improve the TOC capability, as shown in Fig. 31.

D. TOC Capability Test Under Asymmetrical Fault Condition

In addition, the TOC capability enhancement with switching
frequency decrease method has been tested under the asymmet-
rical grid fault conditions. The inner control loop of the GFM
converter test platform is equipped with PR controller. It replaces
the PI controller to enable the control capability of negative
sequence voltage and current, and the proposed MPCR strategy
is extended and applied to the cascaded dual inner loop control
based on the PR controller to enhance the overcurrent capability.
In this manner, the GFM converter would have the ability to reg-
ulate the positive and negative sequence components at the same
time and also hold the TOC capability in asymmetrical fault.

The inherent TOC capability of the GFM experimental plat-
form is tested first with fixed switching frequency of 10 kHz,
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and the other settings are the same as the previous test under the
symmetrical fault. An asymmetrical fault is triggered at 0 s with
the grid voltage of phase B and phase C dropping to 0.4 p.u., and
they recover to 1 p.u. at 0.2 s. The PCC voltage, grid current,
and junction temperature are shown in Fig. 32. The steady-state
operating junction temperature of T3 reaches 115 °C. After
fault occurs, the GFM converter supports the PCC voltage to
around 1 p.u. and it maintains three-phase voltage balance. The
GFM converter outputs about 1.6 p.u. unbalanced current and
the maximum junction temperature reaches 125 °C during the
asymmetrical fault, which is close to the device limitation as the
previous symmetrical fault test.

The TOC capability enhancement test with reduced switching
frequency to 2.5 kHz is further carried out, which is shown in
Fig. 33. An asymmetrical fault is triggered at 0 s with grid voltage
of phase B and phase C drop deep to 0 p.u. and they are recovered
to 1 p.u. at 0.2 s. When the output current of any phase exceeds
the set threshold (1.1 p.u.), the converter will actively enter
the TOC operation mode and reduce its switching frequency to
2.5 kHz. It can be seen that within the same junction temperature
range of 125 °C, the GFM converter can output about 2 p.u.
unbalanced overloading current to support the PCC voltage to
reach around 1 p.u. and maintain balance. It also verified that
the proposed MPCR strategy can be applied in PR controller
to maintain control stability under asymmetrical faults and also
enhance the overcurrent capability.

In summary, the experiment result of TOC capability with
switching frequency decrease method accords well with the
simulation in Section IV, and the effectiveness of the proposed
MPCR strategy is verified and validated by the theoretical anal-
ysis and simulation results.

VI. CONCLUSION

This article first introduces the technique of switching fre-
quency reduction for the TOC capability enhancement of the
GFM converter during the grid fault stage, which would not
require any extra customized and oversized hardware design.
Then, the inherent stability issue of inner control loops in GFM
converters caused by the large range reduction of switching
frequency is revealed and investigated quantitively through z-
domain modeling. It is found that the stability problem lim-
its the adjustment range of the switching frequency in GFM
converters and further restricts the effect of the TOC capability
enhancement. On the basis of this, the MPCR strategy for the
inner loop controller is further proposed to enhance the stability
performance of the cascade inner control under a wide range of
switching frequency changes, which ensures the GFM converter
exhibits the essential characteristics of stable voltage source
during the grid fault transient stage with controlled overcurrent
capability. Finally, the feasibility and effectiveness of the pro-
posed TOC strategy have been validated by both time domain
simulation and experimental results. This method can achieve
2.1 times TOC capability in 200 ms with switching frequency
reduced from 10 kHz to 2.5 kHz, which may provide a promising
solution for the TOC capability of GFM converter in software
level without any unexpected changes in hardware.

REFERENCES

[1] M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “An overview of assess-
ment methods for synchronization stability of grid-connected converters
under severe symmetrical grid faults,” IEEE Trans. Power Electron.,
vol. 34, no. 10, pp. 9655–9670, Oct. 2019.

[2] A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power convert-
ers in AC microgrids,” IEEE Trans. Power Electron., vol. 27, no. 11,
pp. 4734–4749, Nov. 2012.

[3] T. H. Nguyen, K. A. Hosani, M. S. ElMoursi, and F. Blaabjerg,
“An overview of modular multilevel converters in HVDC transmission
systems with STATCOM operation during pole-to-pole DC short cir-
cuits,” IEEE Trans. Power Electron., vol. 34, no. 5, pp. 4137–4160,
May 2019.

[4] J. Lei, X. Xiang, B. Liu, W. Li, and X. He, “Transient stability analysis
of grid forming converters based on damping energy visualization and
geometry approximation,” IEEE Trans. Ind. Electron., vol. 71, no. 3,
pp. 2510–2521, Mar. 2024.

[5] R. An, J. Liu, Z. Liu, and Z. Song, “Flexible transfer converters enabling
autonomous control and power dispatch of microgrids,” IEEE Trans.
Power Electron., vol. 37, no. 11, pp. 13767–13781, Nov. 2022.

[6] T. Shi et al., “Detection speed improvement and system stability en-
hancement for dc microgrids islanding detection based on impedance
characteristic analysis,” IEEE Trans. Power Electron., vol. 38, no. 3,
pp. 3785–3802, Mar. 2023.

[7] H. Gong, X. Wang, and L. Harnefors, “Rethinking current controller design
for PLL-synchronized VSCs in weak grids,” IEEE Trans. Power Electron.,
vol. 37, no. 2, pp. 1369–1381, Feb. 2022.

[8] X. Wang, M. G. Taul, H. Wu, Y. Liao, F. Blaabjerg, and L. Harne-
fors, “Grid-synchronization stability of converter-based resources–An
overview,” IEEE Open J. Ind. Appl., vol. 1, pp. 115–134, 2020.

[9] Y. Gu and T. C. Green, “Power system stability with a high penetration
of inverter-based resources,” Proc. IEEE, vol. 111, no. 7, pp. 832–853,
Jul. 2023.

[10] R. Rosso, X. Wang, M. Liserre, X. Lu, and S. Engelken, “Grid-forming
converters: Control approaches, grid synchronization, and future trends—
A review,” IEEE Open J. Ind. Appl., vol. 2, pp. 93–109, 2021.

[11] D. B. Rathnayake, R. Razzaghi, and B. Bahrani, “Generalized virtual
synchronous generator control design for renewable power systems,” IEEE
Trans. Sustain. Energy, vol. 13, no. 2, pp. 1021–1036, Apr. 2022.

[12] Q. Hu et al., “Grid-forming inverter enabled virtual power plants with
inertia support capability,” IEEE Trans. Smart Grid, vol. 13, no. 5,
pp. 4134–4143, Sep. 2022.

[13] J. Liu, Y. Miura, and T. Ise, “Comparison of dynamic characteristics
between virtual synchronous generator and droop control in inverter-based
distributed generators,” IEEE Trans. Power Electron., vol. 31, no. 5,
pp. 3600–3611, May 2016.

[14] Á. Borrell, M. Velasco, M. Castilla, J. Miret, and R. Guzmán, “Collabo-
rative voltage unbalance compensation in islanded AC microgrids with
grid-forming inverters,” IEEE Trans. Power Electron., vol. 37, no. 9,
pp. 10499–10513, Sep. 2022.

[15] F. Zhao, X. Wang, Z. Zhou, Y. Sun, L. Harnefors, and T. Zhu, “Robust grid-
forming control with active susceptance,” IEEE Trans. Power Electron.,
vol. 38, no. 3, pp. 2872–2877, Mar. 2023.

[16] C. Yang, L. Huang, H. Xin, and P. Ju, “Placing grid-forming converters
to enhance small signal stability of PLL-integrated power systems,” IEEE
Trans. Power Syst., vol. 36, no. 4, pp. 3563–3573, Jul. 2021.

[17] B. Fan, T. Liu, F. Zhao, H. Wu, and X. Wang, “A review of current-limiting
control of grid-forming inverters under symmetrical disturbances,” IEEE
Open J. Power Electron., vol. 3, pp. 955–969, 2022.

[18] T. Liu, X. Wang, F. Liu, K. Xin, and Y. Liu, “A current limiting method
for single-loop voltage-magnitude controlled grid-forming converters dur-
ing symmetrical faults,” IEEE Trans. Power Electron., vol. 37, no. 4,
pp. 4751–4763, Apr. 2022.

[19] L. Huang, H. Xin, Z. Wang, L. Zhang, K. Wu, and J. Hu, “Transient stability
analysis and control design of droop-controlled voltage source converters
considering current limitation,” IEEE Trans. Smart Grid, vol. 10, no. 1,
pp. 578–591, Jan. 2019.

[20] J. Zhao, M. Huang, H. Yan, C. K. Tse, and X. Zha, “Nonlinear and
transient stability analysis of phase-locked loops in grid-connected con-
verters,” IEEE Trans. Power Electron., vol. 36, no. 1, pp. 1018–1029,
Jan. 2021.

[21] E. Rokrok, T. Qoria, A. Bruyere, B. Francois, and X. Guillaud, “Transient
stability assessment and enhancement of grid-forming converters embed-
ding current reference saturation as current limiting strategy,” IEEE Trans.
Power Syst., vol. 37, no. 2, pp. 1519–1531, Mar. 2022.



LIU et al.: STABILITY CONSTRAINED TOC CAPABILITY ENHANCEMENT OF GFM CONVERTERS 3003

[22] T. Qoria, F. Gruson, F. Colas, G. Denis, T. Prevost, and X. Guillaud,
“Critical clearing time determination and enhancement of grid-forming
converters embedding virtual impedance as current limitation algorithm,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 2, pp. 1050–1061,
Jun. 2020.

[23] X. Lu, J. Wang, J. M. Guerrero, and D. Zhao, “Virtual-impedance-based
fault current limiters for inverter dominated AC microgrids,” IEEE Trans.
Smart Grid, vol. 9, no. 3, pp. 1599–1612, May 2018.

[24] H. Wu and X. Wang, “Small-signal modeling and controller param-
eters tuning of grid-forming VSCs with adaptive virtual impedance-
based current limitation,” IEEE Trans. Power Electron., vol. 37,
no. 6,pp. 7185–7199, Jun. 2022.

[25] M. Ferrari and L. M. Tolbert, “Inverter design with high short-circuit fault
current contribution to enable legacy overcurrent protection for islanded
microgrids,” in Proc. IEEE Power Energy Soc. Gen. Meeting, 2022,
pp. 1–5.

[26] S. M. Goetz, A. V. Peterchev, and T. Weyh, “Modular multilevel converter
with series and parallel module connectivity: Topology and control,” IEEE
Trans. Power Electron., vol. 30, no. 1, pp. 203–215, Jan. 2015.

[27] W. Shao et al., “A power module for grid inverter with in-built short-circuit
fault current capability,” IEEE Trans. Power Electron., vol. 35, no. 10,
pp. 10567–10579, Oct. 2020.

[28] S. Bhadoria et al., “Enablers for overcurrent capability of silicon-carbide-
based power converters: An overview,” IEEE Trans. Power Electron.,
vol. 38, no. 3, pp. 3569–3589, Mar. 2023.

[29] M. Andresen, K. Ma, G. Buticchi, J. Falck, F. Blaabjerg, and M. Liserre,
“Junction temperature control for more reliable power electronics,” IEEE
Trans. Power Electron., vol. 33, no. 1, pp. 765–776, Jan. 2018.

[30] D. A. Murdock, J. E. R. Torres, J. J. Connors, and R. D. Lorenz, “Active
thermal control of power electronic modules,” IEEE Trans. Ind. Appl.,
vol. 42, no. 2, pp. 552–558, Mar./Apr. 2006.

[31] J. Lemmens, P. Vanassche, and J. Driesen, “Optimal control of traction
motor drives under electrothermal constraints,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 2, no. 2, pp. 249–263, Jun. 2014.

[32] J. Le et al., “Smooth control of insulated gate bipolar transistors junction
temperature in a small-scale wind power converter,” IET Power Electron.,
vol. 9, no. 3, pp. 393–400, 2016.

[33] P. Catalán, Y. Wang, J. Arza, and Z. Chen, “A comprehensive overview
of power converter applied in high-power wind turbine: Key challenges
and potential solutions,” IEEE Trans. Power Electron., vol. 38, no. 5,
pp. 6169–6195, May 2023.

[34] J. Wang, J. D. Yan, L. Jiang, and J. Zou, “Delay-dependent stability of
single-loop controlled grid-connected inverters with LCL filters,” IEEE
Trans. Power Electron., vol. 31, no. 1, pp. 743–757, Jan. 2016.

[35] G. Wu et al., “Passivity-based stability analysis and generic controller
design for grid-forming inverter,” IEEE Trans. Power Electron., vol. 38,
no. 5, pp. 5832–5843, May 2023.

[36] P. C. Loh and D. G. Holmes, “Analysis of multiloop control strategies for
LC/CL/LCL-filtered voltage-source and current-source inverters,” IEEE
Trans. Ind. Appl., vol. 41, no. 2, pp. 644–654, Mar./Apr. 2005.

[37] J. Wang, L. Chen, Z. Liu, Z. Zhang, and X. Zhang, “Optimized parameter
design of the dual-loop control for grid-forming VSCs with LC filters,”
IEEE Trans. Ind. Appl., vol. 58, no. 1, pp. 820–829, Jan./Feb. 2022.

[38] X. Meng, J. Liu, and Z. Liu, “A generalized droop control for grid-
supporting inverter based on comparison between traditional droop control
and virtual synchronous generator control,” IEEE Trans. Power Electron.,
vol. 34, no. 6, pp. 5416–5438, Jun. 2019.

[39] S. D’Arco and J. A. Suul, “Equivalence of virtual synchronous machines
and frequency-droops for converter-based microgrids,” IEEE Trans. Smart
Grid, vol. 5, no. 1, pp. 394–395, Jan. 2014.

[40] A. Yazdani and R. Iravani, Voltage-Sourced Converters in Power Systems:
Modeling, Control, and Applications. Hoboken, NJ, USA: Wiley, 2010.

[41] D. G. Holmes, T. A. Lipo, B. P. McGrath, and W. Y. Kong, “Optimized
design of stationary frame three phase ac current regulators,” IEEE Trans.
Power Electron., vol. 24, no. 11, pp. 2417–2426, Nov. 2009.

[42] H. Zhang, R. Liu, C. Xue, and Y. Li, “Simultaneous overvoltage and
overcurrent mitigation strategy of grid-forming inverters under a single-
line-to-ground fault,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
2023, pp. 558–564.

[43] H. Zhang, R. Liu, C. Xue, and Y. Li, “Active power enhancement control
strategy of grid-forming inverters under asymmetrical grid faults,” IEEE
Trans. Power Electron., vol. 39, no. 1, pp. 1447–1459, Jan. 2024.

[44] Z. Li, K. W. Chan, J. Hu, and S. W. Or, “An adaptive fault ride-through
scheme for grid-forming inverters under asymmetrical grid faults,” IEEE
Trans. Ind. Electron., vol. 69, no. 12, pp. 12912–12923, Dec. 2022.

[45] P. Kundur, Power System Stability and Control. New York, NY, USA:
McGraw-Hill, 1994.

[46] Z. Shuai, C. Shen, X. Liu, Z. Li, and Z. J. Shen, “Transient angle stability
of virtual synchronous generators using Lyapunov’s direct method,” IEEE
Trans. Smart Grid, vol. 10, no. 4, pp. 4648–4661, Jul. 2019.

[47] H. Wu and X. Wang, “Passivity-based dual-loop vector voltage and current
control for grid-forming VSCs,” IEEE Trans. Power Electron., vol. 36,
no. 8, pp. 8647–8652, Aug. 2021.

[48] Y. Li, Y. Gu, Y. Zhu, A. Junyent-Ferré, X. Xiang, and T. C. Green,
“Impedance circuit model of grid-forming inverter: Visualizing control
algorithms as circuit elements,” IEEE Trans. Power Electron., vol. 36,
no. 3, pp. 3377–3395, Mar. 2021.

Boxin Liu (Graduate Student Member, IEEE) re-
ceived the B.Sc. degree in electrical engineering and
automation from the School of Electrical Engineering
and Automation, Hefei University of Technology,
Hefei, China, in 2020. He is currently working toward
the Ph.D. degree in electrical engineering with the
College of Electrical Engineering, Zhejiang Univer-
sity, Zhejiang, China.

His research interests include the transient analysis
and control of grid-connected power electronic con-
verters.

Xin Xiang (Member, IEEE) received the B.Sc. degree
from Harbin Institute of Technology, Harbin, China
in 2011, the M.Sc. degree from Zhejiang University,
Hangzhou, China, in 2014, and the Ph.D. degree from
Imperial College London, London, U.K., in 2018, all
in electrical and electronic engineering.

From 2018 to 2020, he was a Research Asso-
ciate with Imperial College London. He is currently
a tenure-track Associate Professor with the Col-
lege of Electrical Engineering, Zhejiang University,
Hangzhou, China. His research interests include the

analysis and control of power electronics converters for power system applica-
tions.

Dr. Xiang was the recipient of the Eryl Cadwaladr Davies Prize for the Best
Ph.D. Thesis of Electrical and Electronic Engineering Department, Imperial
College London and the Best Ph.D. Thesis Award from IEEE Power Electronics
Society U.K. and Ireland Chapter.

Yonghao Li (Student Member, IEEE) received the
B.S. degree in electrical engineering from the Col-
lege of Electrical Engineering, Zhejiang University,
Hangzhou, China, in 2022. He is currently working
toward the Ph.D. degree in electrical engineering
with the College of Electrical Engineering, Zhejiang
University, Hangzhou, China.

His research interests include the transient analysis
of grid-connected power electronic converters and
thermal control of power semiconductors.

Huan Yang (Member, IEEE) received the B.Sc. de-
gree in electrical engineering and its automation and
the Ph.D. degree in electrical engineering from Zhe-
jiang University, Hangzhou, China, in 2003 and 2008,
respectively.

He is currently the Vice Director with Zhejiang
Provincial Key Laboratory of Electrical Machine Sys-
tems. From Jan. 2009 to Mar. 2011, he was a Postdoc-
toral Fellow with Zhejiang University. In Mar. 2011,
he was a faculty member with Zhejiang University
as a Research Associate. In Dec. 2012, he was an

Associate Professor of Electrical Engineering with Zhejiang University. From
Apr. 2012 to Apr. 2013, he conducted joint research in Fuji Electric Co., Ltd., as
the Oversea Researcher of New Energy and Industrial Technology Development
Organization, Tokyo, Japan. He has authored and coauthored more than 50
papers and holds more than 10 issued/pending patents. His research interests in-
clude distribution generation and Microgrids, high performance motor systems,
and smart power distribution equipment.



3004 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

Wuhua Li (Senior Member, IEEE) received the B.Sc.
degree in power electronics and the Ph.D. degree
in electrical engineering from Zhejiang University,
Hangzhou, China, in 2002 and 2008, respectively.

From 2004 to 2005, he was a Research Intern,
and from 2007 to 2008, a Research Assistant with
GE Global Research Center, Shanghai, China. From
2008 to 2010, he was with the College of Electrical
Engineering, Zhejiang University as a Postdoctor. In
2010, he was promoted as an Associate Professor.
Since 2013, he has been a Full Professor with Zhe-

jiang University. From 2010 to 2011, he was a Ryerson University Postdoctoral
Fellow with the Department of Electrical and Computer Engineering, Ryerson
University, Toronto, ON, Canada. He is currently the Executive Deputy Director
with the National Specialty Laboratory for Power Electronics and the Vice
Director with the Power Electronics Research Institute, Zhejiang University. He
has authored or coauthored more than 300 peer-reviewed technical papers and
holds more than 50 issued/pending patents. His research interests include power
devices, converter topologies, and advanced controls for high power energy
conversion systems.

Dr. Li was the recipient of the 2012 Delta Young Scholar from Delta Envi-
ronmental and Educational Foundation, 2012 Outstanding Young Scholar from
National Science Foundation of China, 2013 Chief Youth Scientist of National
973 Program, 2014 Young Top-Notch Scholar of National Ten Thousand Talent
Program, 2019 Distinguished Young Scholar from National Science Foundation
of China, and one National Natural Science Award and four Scientific and
Technological Achievement Awards from Zhejiang Provincial Government and
the State Educational Ministry of China for his excellent teaching and research
contributions. He is an Associate Editor for the Journal of Emerging and
Selected Topics in Power Electronics, IET Power Electronics, CSEE Journal
of Power and Energy Systems, CPSS Transactions on Power Electronics and
Applications, and Proceedings of the Chinese Society for Electrical Engineering,
Guest Editor of IET Renewable Power Generation for Special Issue “dc and
HVdc system technologies,” Member of Editorial Board for the Journal of
Modern Power System and Clean Energy. He was appointed as the Most Cited
Chinese Researchers by Elsevier since 2014.

Xiangning He (Fellow, IEEE) received the B.Sc.
and M.Sc. degrees from the Nanjing University of
Aeronautical and Astronautical, Nanjing, China, in
1982 and 1985, respectively, and the Ph.D. degree
from Zhejiang University, Hangzhou, China, in 1989,
all in electrical engineering.

From 1985 to 1986, he was an Assistant Engineer
with the 608 Institute of Aeronautical Industrial Gen-
eral Company, Zhuzhou, China. From 1989 to 1991,
he was a Lecturer with Zhejiang University. In 1991,
he obtained a Fellowship from the Royal Society of

U.K., and conducted research with the Department of Computing and Electri-
cal Engineering, Heriot-Watt University, Edinburgh, U.K., as a Postdoctoral
Research Fellow for two years. In 1994, he was with Zhejiang University,
as an Associate Professor. Since 1996, he has been a Full Professor with the
College of Electrical Engineering, Zhejiang University. He was the Director
with the Power Electronics Research Institute, the Head with the Department of
Applied Electronics, the Vice Dean with the College of Electrical Engineering,
and he is currently the Director with the National Specialty Laboratory for
Power Electronics, Zhejiang University. His research interests include power
electronics and their industrial applications.

Dr. He was appointed as IEEE Distinguished Lecturer by the IEEE Power
Electronics Society during 2011–2015. He is a Fellow of the Institution of
Engineering and Technology (formerly IEE), U.K.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


