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Abstract. Increasing integration of inverter power sources into the electrical power
system has raised concerns about a lack of system inertia, leading to potential
disturbances in system frequency and speed during grid disruptions. Virtual
synchronous generator (VSG) control is a promising solution for inertia support of
the electrical power system. VSG's inertia enhances system stability by eliminating
small and occasional disturbances. However, the required system-wide inertia and
the appropriate inertia characteristics supplied by individual VSG remain unclear.
Also, the power variation in power electronic interface inverters caused by VSG
control increases the stress on power semiconductor devices. In this paper, the focus
is that VSG’s inertia ensures grid-side stability by removing disturbances and the
influence of VSG on the lifetime of power semiconductors. First, temperatures of
the IGBTSs are obtained from the inverter model considering the thermal model and
HILs simulations with small and occasional disturbances. Next, the lifetimes of the
IGBTs are calculated from the results of the rainflow analysis of these temperatures,
using the linear cumulative damage theory in lifetime prediction. As a result, a trade-
off relationship between system stability and IGBT lifetime is confirmed.
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1. Introduction

Need for a sustainable society and environment has led to the massive introduction of
distributed generators (DGs), such as variable renewable energy sources in the electric
network [1]. Power electronics inverters are widely used as the interfaces for integrating
the DGs into the grid [2]. The grid frequency was traditionally regulated by synchronous
generators (SGs), which can provide inertia by absorbing or transferring kinetic energy
stored in rotors and turbines. On the other hand, general power electronics inverters have
very small or no inertia and damping properties. Therefore, the high rate of system non-
synchronous penetration (SNSP) with the massive introduction of VREs reduces the
electrical system’s inertia due to replacing the SGs. This could lead to instability
conditions (potential disturbances in system frequency and speed during grid disruptions)
compared to SG-dominated conventional systems [3, 4].

Virtual synchronous generator (VSG) control that emulates inertia and damping
function has been proposed to compensate SG characteristics by an inverter. VSG control
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is a promising solution for inertia support of the electrical power system [5]. A_notable
feature of VSGs is that their parameters, such as virtual inertia constant / and damping
constant D, are not constrained by physical factors in the same way as real SGs.

Traditionally, the power system's frequency is controlled to adhere to frequency
management target values established in each region, ensuring the maintenance of
supply-demand balance. System inertia is effective in mitigating frequency variations
even for small and oscillational disturbances, and it is anticipated that the inertia of the
VSG can also eliminate these disturbances [6]. However, from the view of stability and
quality, the required whole system inertia and the appropriate inertia characteristics
supplied by individual VSG remain unclear due to the lack of several index definitions
[71.

Many DGs are supplied by power semiconductors, in particular, insulated gate
bipolar transistors (IGBTs). IGBTs are the most vulnerable component in power
electronic inverters [8]. Due to the difficulty of non-destructive detection of IGBT
damage, it becomes essential to estimate the remaining lifetime until failure. Power
processing stresses these delicate devices, affecting their lifetime and ultimately the
system's reliability. In recent reliability studies, the failure of power semiconductor
devices is mainly caused by thermal stress, evaluated by average junction temperature
and junction temperature cycles during operating periods. In [9] and [10], it is possible
to ensure the system's reliability by identifying the causes of IGBT failures and
extrapolating IGBT lifetime from the thermal fatigue phenomena occurring during power
processing. Also, based on the experimental verification of linear cumulative damage
theories in predicting the lifetime of power semiconductor devices [11], determine these
devices' Life Consumption (LC).

The power variation in power electronic interface inverters caused by VSG control
increases the stress on IGBT devices. Therefore, it is necessary to consider the influence
of VSG's inertia on the LC of IGBT devices. This paper proposes an approach that
considers both inertia and LC from the view of stability and reliability, respectively, to
design the virtual inertia constant A applied to VSGs. The rest of the paper is organized
as follows : Section 2 reviews control methods of the VSG. Section 3 reviews a step of
the lifetime calculation considering the thermal model. Section 4, 5 reviews the analysis
divided into stability and reliability aspects.

2. Grid-following VSG Model

VSG control can be divided into two types of inverter control: the grid-forming (GFM)
inverter and the grid-following (GFL) inverter in works of literature [12]. The GFM type,
functioning as a voltage-controlled voltage source, has the capability to maintain the
system's voltage and frequency, enabling autonomous operation. On the other hand, the
GFL type, operating as a current-controlled voltage source, detects the phase of the
system voltage through a PLL circuit and outputs the inverter's power. Consequently, it
requires a reference system and cannot operate autonomously.
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Figure 1. GFL control configuration.

a). Conventional control, b).VSG control.

Otherwise, the GFL type, compared to the GFM type, can follow the system without
causing conflicts, making it capable of tracking the system. Additionally, the GFL type,
widely utilized in current inverter control methods, is considered to introduce minimal
disruptions when implementing control into the system. Therefore, this verification
focused on validating the inverter control using the GFL type.

The general structure of GFL type is shown in Figure 1. PWM input signal was
generated from the current control block. In Figure 1, Uy, is the DC voltage, L¢, C¢ are
filter inductor and filter capacitor. v, i, are grid voltage and grid current, respectively.
O4riq is electrical system phase angle calculated from the PLL.

2.1. Conventional Control for GFL-Type.

A control method applied to a general grid-connected inverter is shown in Figure 1(a).
The Power controller equation is given in (1) and (2).

tarer = (PrefVga + QreVgq)/ (Voa + viq) €y

; — 2 2

igrer = (PrefVgq — QrefVga)/(Voa + V5q) )
where, Pror, Qref are the active power reference and the reactive power reference,
respectively.

2.2. VSG Control

The general structure of GFL-type VSG is shown in Figure 1(b). The VSG function is
achieved by applying swing equation of SG virtually at the current control block. VSG
consists of a P-w controller imitated swing equation, a O-E controller carrying out the
AVR function and an impedance model for calculating the current reference.
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2.2.1. P-w Controller (Virtual Inertia)

The model of the P-w controller is shown in Figure 2. Swing equation is applied to
simulate an inertia equivalent to that of a SG, as expressed in (3).
dw
2H - d;Sg = Fref — Pour — D(wvsg - wgrid) 3)
where P,,; is the VSG output. H and D represent the inertia constant and the damping
constant. w4, Wgyriq are the VSG virtual angular velocity, and grid angular velocity,
respectively.

D = Wyrid
+
P + f\_ 1 Wosg 1 Svsg ‘Svsg
rer _(I) T |2Hs [s O
Pout wgrid 1/ S —

ggrid

Figure 2. P-w controller.

2.2.2. Q-F Controller (AVR Function)

Virtual terminal voltage E is obtained from the Q- controller. O-F controller equation
is given in (4).

E= [(Qref - Qout)Dq + Urmsref — 177"ms] (kp + %) (4)
O-E controller has imitated the excitation system of SG. [ The PI control regulates
the voltage signal. O-F controller is represented in Figure 3. Q,,; is the VSG reactive
power output. Dy is the voltage droop constant. Ve r, Vpms are voltage reference and
grid voltage, respectively. ky,, k; are proportional gain and integral gain. The voltage
droop control and PI control are designed to emulate SG's control and prime mover’s

delay.
+
ot
+

out O B

I

v‘rms
Figure 3. O-F controller.
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2.2.3. Impedance Model for GFL-VSG

The impedance model imitated the relation that exist between the internal EMF and
terminal voltage in SG. This relation can be used to calculate the current reference. The
current reference equations are indicated in (5) and (6).

The impedance model imitated the relation that exist between the internal EMF and
terminal voltage in SG. This relation can be used to calculate the current reference. The
current reference equations are indicated in (5) and (6).

r X ]
lires = o (Ecosd,,sg - vgd) + R (Esmd,,sg - vgq) (5)

r ) X
lgrer = 72+ 52 (Esindysg — Vgq) — 72 + x2 (Ecosdysg = vga) (6)
where, 7, x are virtual armature resister and virtual reactance, respectively. 8,54 and E

are obtained from P-w controller and Q-E controller. The detailed impedance model was
given in [16].

3. Lifetime Calculation Model

The lifetime can be calculated from the power cycling lifetime curve that expresses the
relationship between the number of cycles and the temperature change as damage. The
power cycling lifetime curve can be divided to two types: the power cycling lifetime
curves are AT; and AT,. The AT; curve is dominated by failure due to deterioration of the
aluminum wire bonds on the chip surface when the element temperature rises and falls
suddenly. On the other hand, the AT, curve is dominated by failure due to deterioration
of the solder joints between the insulated substrate DCB and the copper base plate, which
becomes predominant when the case temperature rises and falls. This paper exclusively
considers the AT; curve to focus on the effects of rapid temperature changes.
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Figure 4. The steps to calculate lifetime of IGBT.
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The steps to calculate lifetime of IGBT are shown in Figure 4. First, data sheet for
calculating IGBT switching losses is extracted in look up table format. Also, a thermal
model is created to inverter switching losses into temperature. Second, the switching
losses and thermal model are embedded into the inverter for HILs simulation, and the
temperature of the IGBT is measured. Third, rainflow analysis is performed on the IGBT
temperature data, calculating parameters such as temperature changes. Using
information derived from rainflow analysis, the number of cycles until failure is
determined. Finally, based on the number of cycles until failure, the lifetime of the IGBT
is calculated.

3.1. Thermal Model

The thermal model of the three-phase inverter is shown in Figure 5. The foster thermal
RC network is used to model thermal changes and calculate the temperatures of IGBTs
and diodes. Equations (7), (8), and (9) represent the formulas for determining the junction
temperature, case temperature, and heatsink temperature, respectively.

Ti(t) = Pi(8) X Zp(j—o)(£) + T¢ @)
Tc(t) = (Pl(t) + Pp (t)) X Zne-p (@) + Tf (8)
Tf(t) = Ptotal(t) X Zth(f—a) (t) + Ta (9)

where,P; (t), Pp(t) and Py,.q (t) the power loss of a single IGBT, the power loss of a
single Diode, and the total power losses of all of the IGBT and Diode, respectively.

. Diode(FWD)
IGBT

Zin(j-c)

Zeh(e—f)

Ta
Figure 5. Thermal model for three phase inverter.
Zth(j-c): junction-to case thermal impedance, Zth(c-f): case-to-heatsink thermal impedance,
Zth(f-a): heatsink-to-ambient thermal impedance, Tj: junction temperature, Tc: case temperature,
Ts: heatsink temperature, Ta: ambient temperature.

3.2. Rainflow Analysis

Rainflow analysis is suitable for investigating how damage accumulates on a target
object under conditions where stress changes periodically ['4l. Utilizing rainflow analysis
based on the irregular temperature variations obtained from HILs simulations, the
amplitude of temperature changes (AT} ;), cycle period at this point (toy ), and average
temperature (T, ;) are decomposed into several regular cycles.
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3.3. Lifetime Consumption

According to [11], a lifetime model of a IGBT device can be given in (10)

C+ (tons)

a : s
Ny = Ax (BT;;)" x (ar)PrtTictFo x| =222

E,
exp <7> X fy (10)

kb X ij,i

where, Ny ; is the number of cycles to failure at the respective power rise peaks. t,,,; is
cycle period, which are obtained from the rainflow cycle. T, ; is mean junction
temperature. Other coefficient parameters are given in Table 1.

Considering the inverter's operational time (HILs simulation time) as one operating
cycle, the lifetime is consumed by different temperature changes M times within one
operating cycle, as per (10). The total failure cycles corresponding to different M
temperature changes within one operating cycle of the inverter, as expressed in (11).

Ny = 1/(2 %) (11)

Also, the product of (11) and the total the number of cycles until failure provide the
lifetime of the IGBT device as expressed in (12).

LT = Ny *ng/(60 X 60 X 24 X 365) (12)

where,ng is one cycle of operation mode (simulation time). LT is lifetime of the IGBT.

Table 1. Parameter of the lifetime model of IGBT.['”

Parameter Value Experimental Condition
A 3.4368 x 101
ar ?)92? 64K < AT, <113K
gi _9,011'22?21073 0.19 < ar <0.42
i .11'23048 0.075< to, <63s
Ili: 8.61(;;)26103—%&/1( 305.6K < Tjy, < 395.1K

£, 0.6204
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4. Simulation Conditions

The system configuration and control parameters of the simulation validated in the HILs
environment are shown in Figure 6 and Table 2. On the supply side, two units comprise
one inverter and one SG. On the load side, there is a constant load (P¢yps:) and a small
load fluctuation based on probability density distribution (AP ,,4). The SG has a
governor control, while the inverter does not. The active power reference Py..¢ value for
the inverter remains constant at 0.20 MW. The results for system stability and lifetime
are presented for both conventional methods and VSG at inertia constants € {4.0,
8.0,12.0,16.0}. Only data that allows neglect of the effects of temperature rise during
inverter startup were used for analysis, with simulation times ng of 1200 [s].

PSG PConst
SG
/\/ 2.0 [MW] 1.5 [MW]’

Piny AP pad
Inverter
0.25 [MW] + ~0.2 [MW]

a). Conventional control, b). VSG control

Figure 6. GFL inverter control configuration.

Table.2. Simulation parameters.

Parameters name Variables Values
DC-link voltage Uge 500[V]
Grid voltage (inverter side) Vg 270[V]
Utility frequency foria 60[Hz]
Filter inductor, capacitor Ls, Cr 0.5 [mH],90.6[uH]
Switching frequency fsw 10.0[kHz]
Damping constant (VSG) D 30[-]
Virtual reresister,reactance (VSG) r,X 0.2[pu],0.4[pu]

5. Simulation Results
5.1. System Stability

The probability density distribution of the system frequency for both conventional
methods and each inertia constant A is shown in Figure 7. From Figure 7, it is evident
that VSG can suppress frequency fluctuations compared to the conventional method.
Additionally, it can be observed that a larger inertia constant H results in better
suppression of frequency variations. Therefore, the larger the inertia constant A of the
VSG, the more it can contribute to the system stability.
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Active power outputs of conventional and VSG control is shown in Figure 8. In
conventional control, the setpoint of 0.2 MW is maintained. On the other hand, in VSG
control, it can be observed that the active power output as an inertia response increases
as the inertia constant H becomes larger.

0 ' ' ‘ Conventional control
——H=4.0 (VSG control)
2571 H=8.0 (VSG control)
é‘ H=12.0 (VSG control)
% 20t H=16.0 (VSG control)
A
215
=
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&
0.5

0.0 - - : - - -
594 596 598 60 602 o604 606 608

Frequency [Hz]
Figure 7. The probability density distribution of the system frequency.
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Figure 8. Active power outputs of conventional and VSG control.
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5.2. Lifetime of IGBT

The IGBT junction temperature calculated from the rainflow analysis is shown in Figure
9.Itis evident that as the inertia constant H increases, the junction temperature's amplitude
changes, as indicated by the more extensive interquartile range. In addition, it can be
observed that the values of the temperature change amplitude increase significantly for
outlier cases. Also, it can be observed that the average value of the temperature change
amplitude remains constant. This indicates a steady temperature rise due to switching,
which is consistent with the constant active power reference value.
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Figure 9. The IGBT junction temperature calculated from the rainflow analysis.

The cycle to failure in terms of junction temperature for IGBT under different thermal
stresses is shown in Figure 10 from (10). The number of cycles to failure decreases as the
average junction temperature and the amplitude of the temperature changes increase.
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Figure 10. The number of cycles to failure for IGBT under different thermal stresses. (t,, =

1[s])
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Figure 11. The IGBT lifetime based on the difference between the inertia constant (VSG control)
and the conventional control.
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The IGBT lifetime based on the difference between the inertia constant (VSG control)
and the conventional control is shown in Figure 11. As the inertia constant H increases,
the lifetime becomes shorter due to the more influential temperature rise, resulting in
fewer cycles until failure.

6. Conclusion

The focus of this paper is on the relationship between the inertia constant H and the IGBT
lifetime. It was confirmed that VSG suppresses disturbances by providing inertia for small
and oscillational disturbances compared to conventional control methods. Moreover,
increasing the inertia constant H of VSG allows for better suppression of frequency
variations, contributing to system stability. On the other hand, supplying active power as
inertia influences the junction temperature rise of IGBT due to switching losses.
Additionally, it was observed that the increase in junction temperature rise affects the
lifetime of IGBT. Therefore, increasing the inertia constant /4 can contribute to system
stability but shortens the lifetime of IGBT. Conversely, reducing the inertia constant H
may extend the lifetime of IGBT but compromise system stability. The relationship
between system stability and IGBT lifetime was confirmed to be a trade-off.
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