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Abstract—Thermal stress because of mean junction temperature
(Tjm) and junction temperature swing (ΔTj) reduces the lifetime
of the power electronic (PE) converters. It is beneficial to distribute
the stress evenly among the converters operating in parallel in a
system like microgrid to improve their lifetime. The existing tech-
niques usually only distribute stress due to Tjm. A few techniques
are based on the accumulated damage in PE converters do not
necessarily mitigate the effect of ΔTj . Moreover, most of the the
existing techniques are not applicable for nondispatchable energy
source like PV. The intermittent nature of active power generation
profile of the PV inverter further reduces the lifetime of the PE
converters operating in an islanded microgrid. To address this
issue, a temperature droop-based dynamic reactive power sharing
(TDDRPS) technique is proposed for an islanded ac microgrid to
distribute the thermal stress due to both Tjm and ΔTj . The stabil-
ity of the proposed TDDRPS technique is mathematically analyzed.
Finally, the proposed technique is validated through simulation
and experimentation on a scaled down laboratory prototype of
microgrid.

Index Terms—AC microgrid, junction temperature swing, mean
junction temperature, PV, reactive power sharing, temperature
droop, thermal stress.

I. INTRODUCTION

POWER electronic (PE) converters (inverter or dc–dc con-
verter) are one of the most fragile components in the system

like microgrid. Recent studies [1], [2] show that improving
the reliability of the power semiconductor switches, partic-
ularly IGBT switches, improves the PE converters’ lifetime.
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The critical stressor behind the failure of switches is thermal
stress [3], [4]. Because of this thermal stress, the temperature
sensitive parts of the IGBT like the bond wire and the solder
joints go through frequent expansion and contraction cycle. As
a result, stress and fatigue develop and accumulate in these
areas, resulting in failure of IGBT switches. Two factors which
quantify the thermal stress are 1) mean junction temperature
or steady state temperature (Tjm), and 2) junction tempera-
ture swing (ΔTj) [5], [6]. Thermal stress due to ΔTj occurs
very frequently in PE converters operating in a microgrid with
nondispatchable energy source like solar photovoltaic (PV). The
intermittent nature of active power generation of such sources,
results in varying inverter power. Consequently, the power of
other parallel connected dispatchable source (battery inverter)-
based inverters also varies to maintain the load power demand.
This in turn results in the development of stress due toΔTj in all
the PE converters in the microgrid system. Furthermore, excess
loading of one of the converters also increases its thermal stress.
Therefore, to improve the collective lifetime of the PE converters
in a microgrid, it is important to explore the methods to reduce
and uniformly distribute the developed thermal stress among all
the PE converters.

Usually, the conventional P-ω and Q-V droop laws [13],
[14] can distribute the thermal stress caused by Tjm to some
extent. However, they cannot take care of the effect of stress
caused by ΔTj . Several techniques are proposed to improve the
distribution of the thermal stress due to Tjm and ΔTj or in other
words the reliability of the PE converters. One of the effective
ways to improve reliability is the distribution of active or reactive
power or both between the PE converters depending on accumu-
lated damage or junction temperature (Tj). Based on the control
architecture, these techniques are categorized as centralized and
decentralized control [15]. In [7], an accumulated damage-based
centralized optimization technique is proposed, where the power
references for all the converters is decided in the central con-
troller based on their accumulated damage values. In another
work [8], accumulated damage-dependent virtual impedance
emulation technique is proposed. Virtual impedance is emulated
to redistribute the current between the converters based on their
accumulated damage values. In [9], damage-dependent droop
control strategy is proposed. Here, the droop gain is calculated in
the central controller and communicated to individual converters
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TABLE I
COMPARISON OF DISCUSSED TECHNIQUES

to readjust the active power among them depending on their
individual damage values. In [11], a reliability improvement
technique is proposed by circulating the reactive power between
the inverters. The reactive power reference is calculated in the
central controller to reduce the magnitude ofΔTj . This reference
reactive power depends on Tj and ΔTj values of each inverters.

The centralized control architectures are prone to a single
point of failure, and they require additional cost to set-up
the communication network. To address this, decentralized or
communication less lifetime improvement techniques are pro-
posed. The technique in [9] is extended for an ac microgrid
application and is implemented in decentralized manner in [10].
In this work, the conventional Q-V droop law is modified to
facilitate the distribution of reactive power between the invert-
ers according to their accumulated damage values. In all the
accumulated damage-based reliability improvement technique,
several electrical and thermal parameters of the converters are
measured and stored for a fixed time interval (in the order of
months), to calculate the damage. Thus, the damage calculation
requires higher data storage and computational ability of the
inverter controllers, resulting in higher cost. To address this
issue, a temperature-dependent droop law is proposed in [12] and
[16]. In these techniques, the active power and reactive power
supplied by the inverters are adjusted depending on the junction
temperature of the inverters. The key limitation of the technique
is that under full load condition these techniques almost reduce
to conventional P-ω, and Q-V droop laws.

To fill the gaps in the aforementioned techniques,
temperature-dependent droop-based dynamic reactive power
sharing (TDDRPS) technique is introduced in this article to
distribute the thermal stress uniformly between the inverters with
both dispatchable and nondispatchable (PV) energy sources.
The proposed TDDRPS technique consists of the following two
parts.

1) Distribution of the apparent power in proportion to the
nominal rating of the inverter during thermal steady state.
During this condition, the proposed technique would en-
sure the distribution of thermal stress caused by Tjm.

2) During thermal transient (ΔTj �= 0), the proposed scheme
ensures dynamic distribution of reactive power from the
inverter with higher value of ΔTj to lower value of ΔTj ,
thereby reducing the value of ΔTj in all the inverters.
Hence, thermal stress due to ΔTj reduces.

Thus, distribution and reduction of thermal stress due to two
primary stressors ensure prolonged operation time of the PE
converters-ased microgrid. The design procedure of the droop
coefficients for the proposed TDDRPS technique to ensure

Fig. 1. Two inverter microgrid system including CCM (PV) and VCM (bat-
tery) inverter.

stable operation of the microgrid is included in this article.
Furthermore, the proposed technique is validated through sim-
ulation and experimentally in a laboratory grade microgrid pro-
totype. Qualitative comparison with the existing techniques is
given in Table I .

The rest of this article is organized as follows. The brief
methodology of reactive power re-routing strategy and conse-
quently the proposed TDDRPS technique are presented in Sec-
tion II. In Section III, the small signal modeling of the inverter
with the proposed controller is carried out to investigate the
stability. The proposed technique is verified through simulation
and experimentation and the results are included in Section IV.
Finally, Section V concludes the article.

II. PROBLEM IDENTIFICATION AND PROPOSED TECHNIQUE

This section investigates the key reasons behind reduced
lifetime of PE converters in a microgrid in the presence of
PV. The proposed TDDRPS technique to improve the collective
lifetime of the PE converters is discussed afterward. A PV and
battery inverter-based microgrid system are shown in Fig. 1,
for this discussion. The same discussion can be extended for a
generalized microgrid structure with more number of PV and
battery inverters.

A. Lifetime Model of PE Device

Junction temperature (Tjm and ΔTj) causes contraction-
expansion cycle of bond wire and solder joints in the PE device
like IGBT resulting in development of fatigue in bond wire and
solder joints. Accumulation of fatigue leads to wire out of bond
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Fig. 2. Active power, reactive power, and junction temperature characteristics
of CCM and VCM inverter. (a) Active power delivered by the CCM inverter
(PCCM), reactive power delivered by the CCM inverter (QCCM), and junction
temperature of the CCM inverter (Tj,CCM). (b) Active power delivered by the
VCM inverter (PVCM), reactive power delivered by the VCM inverter (QVCM),
and junction temperature of the VCM inverter (Tj,VCM). Traces: Solid lines—
without reactive power rerouting technique. Dotted lines—with reactive power
rerouting technique.

wire and cracks in solder joints, thus leading to failure of IGBT.
The effect of Tjm and ΔTj on the lifetime of the IGBT as given
in [7] is

Nf = a1[Δ(Tj)]
a2 × e

a3
(Tjm + 273) (1)

whereNf is the number of cycle of operation of IGBT before the
failure. The values of a1, a2, and a3 are the device-dependent
parameters. In general, the value of the a2 varies from −3 to
−5, which makes ΔTj to be more dominant than Tjm affecting
the lifetime of the IGBT. In the next section, the reasons for
variation in Tjm and ΔTj are discussed.

B. Effect of Intermittent Generation and Load Profile

Conventionally, the PV inverter is operated in current con-
trolled mode (CCM) to extract maximum power under any
environmental condition. Similarly, the load reactive power (QL)
is shared by the battery inverters operating in voltage control
mode (VCM). The power loss in CCM inverter varies with the
active power generation (PCCM), which in turn results variation
in junction temperature (Tj,CCM) as shown in Fig. 2(a) in solid
line. The battery inverter supplies the rest of load active power
demand (PL − PCCM). Therefore, variation in PCCM, also re-
sults in the change in the power delivered by the VCM inverter
(PVCM) as shown in Fig. 2(b) in solid line, which in turn results in
varying junction temperature profile (Tj,VCM) of VCM inverter,
shown in Fig. 2(b) in solid line. Therefore, frequent variation in
the PCCM (generally in the order of minutes), which is common
in tropical region like India, result in low frequency oscillations
in Tj,CCM and Tj,VCM.

Also, with the proliferation of electric vehicles (EV), the
load profile becomes stochastic in nature. Therefore, with the
variation in load active (PL), and reactive (QL) power demand,
Tj,CCM and Tj,VCM also vary. This varying nature of Tj,CCM

and Tj,VCM due to intermittent source and load profile reduces
the lifetime of the VCM and CCM inverters. In the following
section, the motivation behind temperature-dependent reactive
power sharing is discussed.

C. Motivation of Temperature-Dependent Reactive Power
Sharing

In this article, temperature-dependent reactive power sharing
approach is adopted. In this approach, the magnitude of the
reactive power shared by the inverters is dynamically decided
depending on the magnitude of ΔTj . For example, the reactive
power shared by the inverter should be increased whenever
negative ΔTj appears at the junction of the inverter and vice
versa. In Fig. 2(a) and (b), solid lines represent a case whenever
temperature-dependent power sharing is not used. As, shown
in Fig. 2(a), in case of an increase in PCCM a large value
of ΔTj,CCM occurs. So, in this duration if QCCM is reduced
depending on the magnitude of ΔTj,CCM, a reduced value of
ΔTj,CCM is expected to achieve which is shown in dotted line.
The same explanation can be extended for VCM inverter. In
the following section, the proposed technique is discussed to
facilitate temperature-dependent power sharing and to obtain a
Tjm and ΔTj behavior as shown in Fig. 2(a) and (b) in dotted
lines.

D. Proposed TDDRPS Technique

The proposed technique 1) maintains uniform distribution of
Tjm between the PV and the battery inverter, 2) reduces ΔTj in
both the PV and the battery inverters. The general structure of
the TDDRPS technique is

Vi = Vnom −miSi,del − niαiΔTj,i (2)

where subscript i denotes the ith inverter, Vnom and Vi are
the nominal voltage and the peak value of the inverter voltage,
respectively, Si,del is the average value of the delivered apparent
power, ΔTj,i is the magnitude of junction temperature ripple in
the inverter. Depending on the mode of operation of the inverter
(CCM or VCM) αi is either the average value of delivered
apparent power (Si,del) or reactive power (Qi,del).mi and ni are
the droop coefficients of the proposed method. The expression
for mi is

mi =
ΔV

Si,nom
(3)

where ΔV is the allowable voltage deviation from Vnom, and
Si,nom is the nominal rating of the ith inverter. Therefore, in
the thermal steady state (ΔTj,i = 0), the following condition is
satisfied:

m1S1,del = m2S2,del = · · · = miSi,del. (4)

From (4), the proposed control ensures the sharing of the
apparent power proportional to their rating during thermal steady
state. As, the current in the inverter depends on the Si,del

delivered by the inverter, sharing of apparent power ensures
uniform distribution of mean junction temperature (Tjm) among
the inverters during thermal steady state (ΔTj = 0).

The expression for ni is

ni =
ΔV

αi,nomΔTj,max
(5)
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αi,nom can be either Si,nom or Qi,nom depending on whether
the inverter is operating at CCM or VCM, respectively. ΔTj,max

is the maximum allowable junction temperature swing value.
Change in source or load power results in occurrence of ΔTj,i

at the junction of the inverter. Therefore, in this condition, the
term niαiΔTj,i in (2) becomes nonzero. Thus, during thermal
transients, the ΔTj,i dependent term further modifies the mag-
nitude of Vi. Hence, depending on the magnitude of ΔTj,i, the
proposed technique is expected to redistribute the reactive power
between the inverters, such that the magnitude of ΔTj,i in the
inverter reduces.

In the microgrid, inverters operate either in CCM or in VCM,
the implementation of the proposed TDDRPS technique in (2)
would be different for CCM and VCM inverters.

1) For CCM Inverter: It is worth mentioning that the CCM
inverter does not absorb reactive power during the thermal
transient (ΔTj �= 0) for the following reasons.

1) In case of negative ΔTj , the CCM inverter increases the
magnitude of Qi,del, and thus, reduces the magnitude of
the ΔTj .

2) In case of positive ΔTj , the CCM inverter reduces the
magnitude of Qi,del, and thus, reduces the magnitude of
ΔTj .

Thus, under any operating conditions when ΔTj �= 0, Qi,del

never becomes negative. Hence, the term “αi” in (2) does not
have directional property for CCM inverter. So, αi in (2) is set to
Si,del. Thus, the TDDRPS technique for CCM inverter becomes

Vi = Vnom −miSi,del − niSi,delΔTj,i. (6)

From (6), the reactive or q-axis reference current (i∗q,i) is
calculated as follows:

Si,del =
Vnom − Vi

mi + niΔTj,i
. (7)

From (7), Qi,del is calculated as

Qi,del =

√√√√[(
Vnom − Vi

mi + niΔTj,i

)2

− P 2
i,del

]
(8)

where Pi,del is the active power delivered by the CCM inverter.
From (8), i∗q,i is calculated from Qi,del as

i∗q,i =
1

Vd,i

(
Vq,iid,i − 2

3
Qi,del

)
(9)

where Vd,i, and Vq,i are the d-axis and q-axis components of the
inverter terminal voltage, respectively.

2) For VCM Inverter: The directional property of αi in (2)
is required for the VCM inverter for the following reason.

1) In case ΔTj of VCM inverter is negative, the VCM in-
verter can either absorb the reactive power or increase the
magnitude of delivered reactive power depending on the
level of reactive power injection by the CCM inverter

Therefore, under some operating conditions, Qi,del for VCM
inverter can be negative. Hence, to facilitate the directional
property in (2), αi is made equal to Qi,del for the VCM inverter.
Thus, the TDDRPS technique for VCM inverter becomes

Vi = Vnom −miSi,del − niQi,delΔTj,i. (10)

E. Overall Control Structure

The control diagram for the ith VCM inverter is shown in
Fig. 3(a). The frequency of the microgrid (ω) is determined with
conventional P − ω droop law. The peak value of the inverter
voltage (Vi) is calculated through (10). As shown in Fig. 3(a),
Vi and ω are fed to the voltage loop of the inverter to generate
the gate signal.

The control diagram for the ith CCM inverter is shown in
Fig. 3(b). The reference PV voltage (v∗pv) is determined using
maximum power point tracking (MPPT) algorithm. The q-axis
reference current (i∗q,i) is calculated through (6)–(9). As shown
in Fig. 3(b), v∗pv,i and i∗q,i is fed to the voltage and current loop,
to generate the gate signal for the CCM inverter.

III. MATHEMATICAL ANALYSIS

In this section, the stability analysis of the proposed control
technique is carried out.

A. For CCM Inverter

Proposed TDDRPS technique for the CCM inverter is given
in (6). In practice, measured Si,del is passed through low-pass
filters (LPF) before using in (6). Therefore, incorporating the
dynamics of LPF, (6) becomes

Vi = Vnom −mi
ωlf

s+ ωlf
Si,del − ni

ωlf

s+ ωlf
Si,delΔTj,i (11)

where ωlf is the cutoff frequency of the LPF. ΔTj,i in (11)
is obtained by passing Tj,i through a high-pass filter (HPF).
Furthermore, a separate LPF whose cutoff frequency is similar
to the LPF of Si,del is used while estimating Tj,i. Therefore,
incorporating the dynamics of these, (11) becomes

Vi = Vnom −mi
ωlf

s+ ωlf
Si,del

− ni
ωlf

s+ ωlf
Si,del

s

s+ ωc

ω′
lf

s+ ω′
lf

Tj,i (12)

where ωc is the passband frequency of HPF and ω′
lf is the cutoff

frequency of LPF for estimating Tj,i. It is worth noting that in
practice a very low value of ωc is used to extract even very low
frequency component of ΔTj . Therefore, in practice ωc � ωlf ,
and ω′

lf . Hence, the dynamics in (12) is approximated to

Vi = Vnom −miSi,del − niSi,del
s

s+ ωc
Tj,i. (13)

Rearranging (13) gives

niSi,del
s

s+ ωc
Tj,i = Vnom − Vi −miSi,del (14)

=⇒ y

u
=

s

s+ ωc
(15)

where y = Vnom − Vi −miSi,del, and u = niSi,delTj,i. Rear-
ranging (15)

y

u
= 1− ωc

s+ ωc
(16)

y = u− x (17)
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Fig. 3. Control block diagram of (a) VCM inverter and (b) CCM inverter.

where x = u
ωc

s+ ωc
. Therefore

ẋ = − ωcx+ ωcu (18)

y = − x+ u. (19)

Now, for all practical applications, since ωc is a positive
quantity, the eigenvalues of (18) always lie in the negative half
of the s-plane. Therefore, for bounded value of niSi,delTj,i, the
system is always stable with the proposed controller.

B. For VCM Inverter

The proposed TDDRPS technique for the VCM inverter is
given in (10). Approaching with the same philosophy like in
CCM, (10) becomes

Vi = Vnom −miSi,del − niQi,del
s

s+ ωc
Tj,i. (20)

Rearranging (20)

niQi,del
s

s+ ωc
Tj,i = Vnom − Vi −miSi,del (21)

=⇒ g

h
=

s

s+ ωc
(22)

where g = Vnom − Vi −miSi,del, and h = niQiTj,i. Follow-
ing the steps used for CCM inverter

ẋ = − ωcx+ ωch (23)

g = − x+ h. (24)

Here, also ωc is a positive quantity, therefore, the eigenvalues
of (23) always lie in the negative half of the s-plane. Therefore,
for bounded value of niQi,delTj,i, the system is always stable
with the proposed controller.

IV. RESULTS

A. Simulation Study

The proposed technique is validated through a detailed sim-
ulation study in MATLAB on two 10 kVA inverters-based
microgrid system as shown in Fig. 1. The parameters of the
system is given in Table II. To validate the operating principle

TABLE II
SPECIFICATIONS OF THE SIMULATED SYSTEM

of the proposed TDDRPS technique, a step change in load
power and CCM power are considered at first. Furthermore,
to investigate the effectiveness of the proposed technique for
practical scenario, a mission profile of CCM (PV) active power
is considered.

1) Step Change in CCM (PV) Active Power: In this case, the
CCM active power is increased in step by 50 % at 12 min and
restored to the initial power level at 13 min. For this case, the
TDDRPS technique is first compared with the conventional or
UPF operation of CCM inverter.

1) Conventional operation: In this case, the CCM inverter
operates at maximum power point and supplies zero re-
active power. Consequently the VCM inverter supplies
rest of PL and QL demand as shown in Fig. 4(a) and (b),
respectively. With the increase inPCCM,Tj,CCM increases
and consequently Tj,VCM decreases as shown in Fig. 4(c).
Tj,CCM, Tj,VCM, and ΔTj values for the CCM and VCM
inverter are given in Table III.

2) TDDRPS technique: During ΔTj = 0, proposed TD-
DRPS technique ensures sharing of apparent power in
proportion to the rating of the CCM and the VCM inverter.
The active and reactive power profile of CCM and VCM
inverters are shown in Fig. 4(d) and (e), respectively. As
a result, the Tj of the CCM and VCM inverters become
almost equal as shown in Fig. 5(f). During the step change
in PV power, due to ΔTj based dynamic reactive power
sharing, ΔTj values of both CCM and VCM inverter
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Fig. 4. Simulation results for step change in PCCM. (a) Active power profile for CCM and VCM inverter for conventional operation (2 kW/div). (b) Reactive
power profile for CCM and VCM inverter for conventional operation (2kVar/div). (c) Junction temperature profile for CCM and VCM inverter with the conventional
operation (20 ◦C/div). (d) Active power profile for CCM and VCM inverter for TDDRPS operation (2 kW/div). (e) Reactive power profile for CCM and VCM
inverter with TDDRPS technique (2kVar/div). (f) Junction temperature profile for CCM and VCM inverter with TDDRPS technique (20 ◦C/div).

Fig. 5. Simulation results for step change in load. (a) Active power profile for CCM and VCM inverter for the conventional operation (2 kW/div). (b) Reactive
power profile for CCM and VCM inverter for the conventional operation (2kVar/div). (c) Junction temperature profile for CCM and VCM inverter with the
conventional operation (20 ◦C/div). (d) Active power profile for CCM and VCM inverter for TDDRPS operation (2 kW/div). (e) Reactive power profile for CCM
and VCM inverter with TDDRPS technique (2kVar/div). (f) Junction temperature profile for CCM and VCM inverter with TDDRPS technique (20 ◦C/div).
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TABLE III
PERFORMANCE COMPARISON

BT= Before Transient; AT= After Transient; Tj and ΔTj values are in
◦C

decrease as compared with the conventional operation,
shown in Fig. 4(f). TheTjm andΔTj values with TDDRPS
technique are listed in Table III

2) Step Change in Load Power Demand: In this case, both
the PL and QL are decreased by 50% at 12 min and restored to
the initial power level at 13 min. In this case also, the TDDRPS
technique is compared with UPF operation of CCM inverter.

1) Conventional operation: As shown in Fig. 5(a) and (b),
PCCM and QCCM remain constant during the change in
load. Consequently PVCM and QVCM change to maintain
the PL and QL demand. Thus, as shown in Fig. 5(c),
during the load switching ΔTj,VCM becomes -30.6 ◦C
while ΔTj,CCM remains at 0 ◦C. The Tjm and ΔTj values
for this case are given in Table III.

2) TDDRPS technique: As shown in Fig. 5(e), the QCCM

value is adjusted such that the inverters share the apparent
power in proportion to their ratings. Therefore, as shown
in Fig. 5(f), the Tj values for VCM and CCM inverters
are very close to each other compared to the conventional
operation. At the time of load change, due to ΔTj depen-
dent reactive power sharing, the ΔTj value of the VCM
inverter becomes −19.9 ◦C and for the CCM inverter
ΔTj becomes 1.9 ◦C. Thus, the cumulative damage of
the system decreases with this technique as compared to
conventional operation. In Table III, the Tjm and ΔTj

values of both CCM and VCM inverters are listed.
3) Mission Profile-Based Comparison of TDDRPS With

Other Techniques: The proposed TDDRPS technique tested for
a weekly mission profile of CCM (PV) active power and ambient
temperature (Ta) and compared with the conventional operation,
QV droop, and lifetime oriented droop control [12]. The PCCM

and Ta data are collected from Solar Energy Research Enclave
(SERE), IIT Kanpur, India (26.4499◦ N, 80.3319◦ E) for a week
in August 2018. In Fig. 6(a) and (b),PCCM and Ta are shown for
a particular day out of that week. To analyze the performance of
the TDDRPS technique, the normalized accumulated damage
is calculated for TDDRPS technique and compared with the
aforementioned techniques. For this article, the load power
demand (PL and QL) is set to 3 kW and 2 kVar.

The accumulated damage is calculated for all these techniques
using rainflow analysis [17] and miner’s rule [18]. To normalize
the accumulated damage in the inverters, a lifetime of eight years
(i.e., accumulated damage is 100%) for the VCM inverter with

Fig. 6. Daily mission profile. (a) Active power profile (1 kW/div). (b) Ambient
temperature profile (2◦C/div).

Fig. 7. Comparison of techniques in terms of (a) normalized accumulated
damage (0.5 %/div) and (b) energy loss (5 kW-hr/div).

conventional operation is assumed. Moreover, as the accumu-
lated damage also influences the energy loss, these techniques
are also compared in terms of energy loss in CCM and VCM
inverters over the considered week.

1) Damage comparison: The normalized accumulated dam-
age values (in percentage) are presented in Fig. 7(a). The
difference in the accumulated damage values in the VCM
and CCM inverters with the conventional operation is
highest as compared to all the other techniques. This is
because, in this case, theQCCM is zero. It is observed from
Fig. 7(a), that the difference in the accumulated damage
values is minimum with the proposed TDDRPS technique
as compared to the other techniques. This validates that
the proposed technique uniformly (or almost uniformly)
distributes thermal stress between the inverters as com-
pared to the other techniques. Furthermore, the overall
reliability of the microgrid can be related to the maximum
of damage values occurred in CCM and VCM inverters.
From Fig. 7(a) with the proposed TDDRPS technique,
the maximum value of damage decreases by a factor of
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Fig. 8. Developed experimental prototype. (a) Two inverter ac microgrid system. (b) Details of the single inverter.

9.39, 4.54, and 4.24 as compared with the conventional
operation, QV droop, and [12] respectively.

2) Energy loss: A tradeoff exists between the energy loss and
the accumulated damage in the inverter [19]. Therefore,
it is important to compare all the techniques in terms of
the energy loss. In this case, the total energy loss for the
duration of the considered week are calculated for all the
techniques and shown in Fig. 7(b). It is found that with the
TDDRPS technique the energy loss increases by a factor
of 1.02, 1.05, and 1.04 as compared with the conventional
operation, QV droop, and [12], respectively.

Therefore, from Fig. 7(a) and (b), it can be concluded that with
the TDDRPS technique the effective lifetime of the microgrid
improves significantly as compared with other techniques while
the increase in the energy loss is not that significant compared
to decrease in accumulated damage value.

B. Experimental Study

The proposed technique is experimentally validated in a
scaled down laboratory prototype of a 3-φ 4-wire microgrid sys-
tem as shown in Fig. 8. This setup follows the schematic shown in
Fig. 1. In the experimental setup, each of the inverter is realized
using FNA22512 A IGBT module (ON semiconductor make).
TMS230F28335 Delphino controllers (Texas Instruments make)
are used in each of the inverter to implement the control loops.
A combination of resistance and inductance is used as a central
load to the inverter system. The parameters for experimental
prototype are listed in Table IV. For the experimental studies,
the thermo-electric model of IGBT and diode is used to estimate
the junction temperature [20]. ΔTj is calculated by passing Tj

through a high-pass filter.
The TDDRPS technique is compared with the conventional

operation of CCM inverter for experimental study. Following
two cases are considered for the comparison:

1) step change in CCM active power;
2) step change in load active and reactive power demand.

TABLE IV
SPECIFICATION FOR EXPERIMENTAL PROTOTYPE

In practice, the source and the load power change in a smooth
ramp like manner, but here they are deliberately considered to
be in step to clearly demonstrate the advantage of the proposed
scheme. In all the cases, a step change is done at 900 s which is
restored to the initial value at 990 s. The short interval of 90 s
is considered so that the junction temperature does not reach to
its steady state value in this duration.

1) Change in CCM Active Power (PCCM): In this case,
PCCM is decreased by 65.56% in step at 900 s, and restored to its
initial operating condition at 990 s. The detailed voltage, current,
and power waveforms with TDDRPS technique is shown in
Fig. 9(a) for reference.

1) Conventional operation: In this case, the CCM inverter
supplies only maximum available active power, while
the VCM inverter supplies the rest of the PL and total
QL demand. The initial temperatures of CCM and VCM
inverters are given in Table V. After the change in PCCM,
Tj,CCM decreases as shown in Fig. 9(b). As PCCM de-
creases, PVCM increases to maintain the PL as shown
in Fig. 9(a). Hence, in this duration, Tj,VCM increases as
shown in Fig. 9(b). Tj,CCM and Tj,VCM after the change
in the active power and the ΔTj values for the CCM and
VCM inverters are given in Table V.
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Fig. 9. Comparison of thermal distribution performance with change in CCM active power. (a) Voltage (10 V/div), current (5 A/div), active power (60 W/div),
reactive power (34 VAr/div) for the proposed TDDRPS technique. (b) Junction temperature (Tj ) (10 ◦C/div) for the conventional operation. (c) Junction temperature
(Tj ) (10 ◦C/div) for TDDRPS technique.

TABLE V
PERFORMANCE COMPARISON

BT= Before transient; AT= After transient; P &amp; Q values are in W and VAR, respectively; Tj and ΔTj values are in ◦C.

2) TDDRPS technique: TDDRPS technique is implemented
to further improve the thermal stress sharing. Prior to any
change in PCCM, Tj,CCM, and Tj,VCM with this technique
are shown in Fig. 9(c). From (2) and (6), in the absence
of any swing in ΔTj , the TDDRPS technique ensures the
sharing of apparent power in proportion to the rating of
the inverters. The Tjm and ΔTj values before and after
the step change in PCCM are given in Table V. Thus, with
the proposed TDDRPS technique, as given in Table V,
because of temperature-based dynamic reactive power
sharing between the inverters, the ΔTj values are reduced
by a factor of 2.67 and 12.26 for CCM and VCM inverters,
respectively, compared with the conventional operation.

2) Change in Load Power: In this case, PL and QL are
decreased by 49.33%, and 45.12%, respectively, at 900 s and
restored to initial operating condition at 990 s. The detailed
waveforms of current voltage and inverter power are shown in
Fig. 10(a) with TDDRPS technique.

1) Conventional operation: Initial Tj,CCM and Tj,VCM are
shown in Fig. 10(b). From the value ofTj,CCM, andTj,VCM

given in Table V, the difference in Tjm values is 16.12 ◦C.

After decreasing PL, and QL, Tj,CCM, and Tj,VCM settle
to 33.11 ◦C and 38.07 ◦C, respectively, given in Table V.
As already explained, Tj,CCM before and after the load
change remains almost same. Therefore, to maintain the
load power, the active, and reactive power catered by the
VCM inverter reduces, resulting in large value ofΔTj,VCM

compared to ΔTj,CCM, as given in Table V.
2) TDDRPS technique: With the proposed TDDRPS tech-

nique, from the initial Tjm values as given in Table V, the
difference in the junction temperatures is 4.15 ◦C. Thus,
due to apparent power sharing, the difference in the Tj

values reduces. The Tj profile for the CCM and the VCM
inverters are shown in Fig. 10(c). After the change in load,
to reduce the ΔTj values in both the inverters, the reactive
power is adjusted in such a way that, it circulates between
the two inverters. Thus, the reactive power delivered by
the VCM inverter is negative as given in Table V. Tj,CCM,
and Tj,VCM values after the change in load are given in
Table V. With the TDDRPS technique the ΔTj value for
CCM inverter is increased by a factor of 9.45 and for VCM
inverter it decreases by a factor of 1.81 as compared with
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Fig. 10. Comparison of thermal distribution performance with decrease in load. (a) Voltage (10 V/div), current (5 A/div), active power (60 W/div), reactive power
(34 VAr/div) for proposed TDDRPS technique. (b) Junction temperature (Tj ) (10 ◦C/div) for the conventional operation. (c) Junction temperature (Tj ) (10 ◦C/div)
for TDDRPS technique.

the conventional operation. It is worth mentioning that, as
PCCM does not change with the change in load, thus the
ΔTj value is lower in case of conventional operation as
compared with the proposed TDDRPS technique.

Hence, from the results it can be concluded that with the
proposed technique, the thermal stress due to ΔTj on the IGBT
switches reduces. Furthermore, in the steady state, as the pro-
posed technique ensures sharing of apparent power in proportion
to the nominal rating of the inverters, therefore in the thermal
steady-state condition the mean junction temperature is also
uniformly distributed between the inverters.

V. CONCLUSION

A temperature droop-based dynamic apparent power sharing
technique is proposed to improve the lifetime of a nondis-
patchable energy sources-based microgrid system. The proposed
technique reduces the thermal stress due to mean junction tem-
perature and junction temperature swing. The droop law-based
structure of the proposed technique enables decentralized imple-
mentation. Hence, no additional communication infrastructure
is required. The stability analysis of the proposed control is
carried out. The proposed technique is validated for step change
in CCM and the load power. Furthermore, the proposed TD-
DRPS technique is compared with other relevant techniques
for a weekly mission profile of CCM (PV) active power. It is
observed that with the TDDRPS technique the maximum of
damage values in CCM and VCM converters reduces signifi-
cantly compared to other techniques. A scaled down laboratory
prototype is developed to validate the proposed technique. The
proposed TDDRPS technique is compared with the conventional
operation of the CCM inverter for 1) change in active power of
the CCM inverter (due to change in solar irradiation), 2) change

in load power demand. Experimentally, it is shown that the pro-
posed TDDRPS technique reduces ΔTj when ΔTj �= 0 and for
ΔTj = 0 it distributes Tjm uniformly between the inverters
thereby improving the collective lifetime of the PE converters
in a microgrid.

REFERENCES

[1] J. Falck, C. Felgemacher, A. Rojko, M. Liserre, and P. Zacharias, “Reli-
ability of power electronic systems: An industry perspective,” IEEE Ind.
Electron. Mag., vol. 12, no. 2, pp. 24–35, Jun. 2018.

[2] S. Yang, A. Bryant, P. Mawby, D. Xiang, L. Ran, and P. Tavner, “An
industry-based survey of reliability in power electronic converters,” IEEE
Trans. Ind. Appl., vol. 47, no. 3, pp. 1441–1451, May/Jun. 2011.

[3] D. Zhou, H. Wang, and F. Blaabjerg, “Mission profile based system-level
reliability analysis of DC/DC converters for a backup power application,”
IEEE Trans. Power Electron., vol. 33, no. 9, pp. 8030–8039, Sep. 2018.

[4] P. D. Reigosa, H. Wang, Y. Yang, and F. Blaabjerg, “Prediction of bond
wire fatigue of IGBTS in a PV inverter under a long-term operation,” IEEE
Trans. Power Electron., vol. 31, no. 10, pp. 7171–7182, Oct. 2016.

[5] Y. Song and B. Wang, “Survey on reliability of power electronic systems,”
IEEE Trans. Power Electron., vol. 28, no. 1, pp. 591–604, Jan. 2013.

[6] I. F. Kovacevic-Badstuebner, J. W. Kolar, and U. Schilling, “Modelling
for the lifetime prediction of power semiconductor modules,” pp. 3–137,
Dec. 2015, doi: 10.1049/PBPO080E_ch5.

[7] V. Raveendran, M. Andresen, and M. Liserre, “Improving onboard con-
verter reliability for more electric aircraft with lifetime-based control,”
IEEE Trans. Ind. Electron., vol. 66, no. 7, pp. 5787–5796, Jul. 2019.

[8] M. Andresen, V. Raveendran, G. Buticchi, and M. Liserre, “Lifetime-based
power routing in parallel converters for smart transformer application,”
IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1675–1684, Feb. 2018.

[9] S. Peyghami, P. Davari, and F. Blaabjerg, “System-level reliability-oriented
power sharing strategy for DC power systems,” IEEE Trans. Ind. Appl.,
vol. 55, no. 5, pp. 4865–4875, Sep./Oct. 2019.

[10] J. Jiang, S. Peyghami, C. Coates, and F. Blaabjerg, “A decentralized
reliability-enhanced power sharing strategy for PV-based microgrids,”
IEEE Trans. Power Electron., vol. 36, no. 6, pp. 7281–7293, Jun. 2021.

[11] K. Ma, M. Liserre, and F. Blaabjerg, “Reactive power influence on the
thermal cycling of multi-MW wind power inverter,” IEEE Trans. Ind.
Appl., vol. 49, no. 2, pp. 922–930, Mar./Apr. 2013.

[12] Y. Wang, D. Liu, P. Liu, F. Deng, D. Zhou, and Z. Chen, “Lifetime-oriented
droop control strategy for AC islanded microgrids,” IEEE Trans. Ind. Appl.,
vol. 55, no. 3, pp. 3252–3263, May/Jun. 2019.



DAS et al.: TEMPERATURE DROOP BASED DYNAMIC REACTIVE POWER SHARING TECHNIQUE TO IMPROVE 5255

[13] J. He, Y. Li, B. Liang, and C. Wang, “Inverse power factor droop con-
trol for decentralized power sharing in series-connected-microconverters-
based islanding microgrids,” IEEE Trans. Ind. Electron., vol. 64, no. 9,
pp. 7444–7454, Sep. 2017.

[14] F. Gao, S. Bozhko, A. Costabeber, G. Asher, and P. Wheeler, “Control
design and voltage stability analysis of a droop-controlled electrical power
system for more electric aircraft,” IEEE Trans. Ind. Electron., vol. 64,
no. 12, pp. 9271–9281, Dec. 2017.
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